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 The global decline of native freshwater mussels has accelerated conservation 
projects that preserve and restore populations, but the complex life histories among 
species challenges biologists in determining the most effective management strategies. 
This study details the conservation of plain pocketbook, a Tier I threatened mussel 
species in Nebraska that was artificially propagated and reintroduced into 13 sites from 
autumn 2016 to summer 2017. The objectives of this study were to: 1) determine how 
handling influences mussels, and 2) evaluate mussel growth and survival following 
introductions.  
We conducted a laboratory experiment with age-2 plain pocketbook to assess the 
effects of handling on mussel growth and survival. We applied one of three handling rate 
treatments to experimental units for 12 weeks where mussels were handled up to 25 
times. We compared end-of-study growth rates and survival among treatment and control 
group (i.e., no handling) mussels. Growth rates were unaffected by handling and no 
mortality occurred during the study, indicating plain pocketbook is tolerant of short-term, 
repeated handling. We then conducted a mark-recapture study for introduced mussels to 
assess the relations of habitat, timing of introduction, and shell size to mussel growth and 
survival. We seasonally surveyed sites during 2017 – 2018 to collect habitat data and 
recapture tagged mussels. We used von Bertalanffy equations to model mussel growth 
among sites, introduction years, and streams. We used Cormack-Jolly-Seber models to 
estimate recapture and apparent survival rates of each site. We constructed cumulative 
daily survival curves and compared curves among sites, introduction years, and streams. 
We attributed growth differences to water temperatures relating to season of introduction. 
We determined mussels were at heightened risk for mortality during introduction and 
spring. We qualitatively linked these time periods to environmental stressors and used 
this information to identify suitable habitats for mussels and develop recommendations 
for further introductions. 
Handling is an anthropogenic stressor for mussels that can be moderated through 
proper research and techniques. Short-term monitoring studies can provide valuable 
insight on the population dynamics of introduced freshwater mussels. Implications from 
this study have the ability to collectively enhance the management of this imperiled 
taxon. 
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CHAPTER 1: GENERAL INTRODUCTION AND STUDY OBJECTIVES
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THE DECLINE OF FRESHWATER MUSSELS 
Freshwater mussels (Bivalvia: Unionoidea) are a highly imperiled faunal group in 
North America. Nearly 70% of 300 species are either endangered, threatened, or of 
special concern (Williams et al. 1993; Graf and Cummings 2007). The decline of 
freshwater mussels (hereafter mussels) is generally attributed to habitat degradation and 
destruction. Mussels are susceptible to habitat fragmentation, channelization, siltation, 
pollution, and non-native mollusks (e.g., zebra mussels) because of their limited mobility 
and dependence on host fishes to complete their life cycle (Williams et al.1993; Watters 
1999; Strayer et al. 2004; Hoke 2011). Pinpointing specific drivers of declines is 
complicated because threats can occur at different spatial and temporal scales and may 
have delayed effects (Vaughn 1997; Watters 1999). Additionally, enigmatic declines that 
have no clear cause have been documented in seemingly healthy waterbodies (Haag 
2012).  
ROLES IN THE ECOSYSTEM 
Mussels are often considered keystone species (Haag 2012) because many 
organisms depend on the ecosystem services they comprise. Mussels make up the 
dominant proportion of benthic biomass in most lakes and rivers (Strayer 2014), 
providing substrate stability (Zimmerman and de Szalay 2007) and habitats for other 
invertebrates (Gutiérrez et al. 2003). Mussels are a source of food for small mammals, 
fishes, and birds (Haag 2012). Their burrowing behavior increases the exchange of 
oxygen and nutrients between the sediment and water (Allen and Vaughn 2009), while 
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their filtering ability reduces particulates and toxins (Strayer et al. 1999). Mussels 
therefore provide improved water quality for aquatic and terrestrial life, as well as 
humans who enjoy the benefits of clean water. Mussels are sensitive to heavy metals and 
pollutants (Strayer 2008), so they are often utilized as bioindicators of ecosystem health 
(Ostby 2005).   
 
FRESHWATER MUSSELS IN NEBRASKA 
Thirty-one mussel species are native to Nebraska, USA and the state has been 
experiencing a pervasive loss of taxa similar to the national level. Hoke (2011) describes 
seven species believed to be extirpated, or nearly so, after surveys recovered only dead 
mussels or relic shells. Another 15 species are presumed to be declining, as inferred by 
loss of abundances and shrinking ranges (Hoke 2011). Only nine species are considered 
to have stable populations in the state, therefore, actions are needed to prevent further 
loss. 
The plain pocketbook Lampsilis cardium (Rafinesque 1820) mussel is listed as a 
Tier I threatened species in the Nebraska State Wildlife Action Plan (Schneider et al. 
2011). This mussel was once abundant in waterbodies ranging in size from small creeks 
to large rivers in the eastern third of the state, and in isolated populations of central and 
western Nebraska (Hoke 2011). However, Smith (2009) showed its distribution had 
become severely reduced in recent years and only a single population of less than 500 
individuals remained in the Upper Elkhorn River (Schneider et al. 2011). 
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Restoring the plain pocketbook mussel  
The Nebraska Game and Parks Commission (NGPC) identified plain pocketbook 
and fatmucket Lampsilis siliquoidea (Barnes 1823) as target species for restoration. The 
NGPC, in partnership with the Iowa Department of Natural Resources, established the 
Plain Pocketbook and Fatmucket Restoration Plan (PPFRP) in in 2016. The goal for plain 
pocketbook was to establish three viable populations within Nebraska by 2019. 
Preliminary assessments of candidate habitats were conducted 2014 – 2015, in part by the 
University of Nebraska at Lincoln (UNL), to identify streams expected to provide these 
species a good chance of persistence. Artificial propagation efforts also began around this 
time at the North Platte State Fish Hatchery to rear plain pocketbook for initial 
introductions. 
Introductions of ≈ 9,000 age-2 plain pocketbook occurred 2016 – 2017 in three 
primary streams in eastern Nebraska. Streams were selected because they provided 1) 
geographic distribution across Nebraska yet remain within historic range, 2) the presence 
of mussels with similar life history characteristics or historical records of the species 3) 
necessary life history requirements (e.g., species-specific fish hosts), 4) suitable habitat 
into the future as predicted by climate change models 5) presence of State Wildlife 
Action Plan private land biologists and priority landscapes to ensure sustainable habitat at 
the landscape scale. Project success would be achieved if populations became naturally 
recruiting, but initial settlement and survival would serve as benchmarks to indicate 
short-term success. 
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STUDY NEED 
The choice of introduction streams was well researched, but it was unclear if 
habitats would support plain pocketbook mussels as predicted. A better understanding of 
mussel ecology was needed as well as the ability to identify suitable habitats for plain 
pocketbook and others (e.g., fatmucket) in the future. One of the most important 
components of mussel conservation is a basic understanding of life history, ecology, and 
habitat requirements (NNMCC 1998; Lopes-Lima et al. 2018). Biological responses such 
as growth and survival are commonly used metrics for evaluating the appropriateness of 
habitats for introduced mussels (Carey et al. 2015). Demographic rates can vary widely, 
even for the same species, under different ecological conditions (Inoue et al. 2014). Thus, 
a population dynamics study could provide valuable insight on how local variables 
influence mussels.  
Biologists have devoted considerable effort to understanding species-specific 
habitat requirements in attempt to optimize conservation efforts (Strayer 2008; Villella et 
al. 2004; Hoftyzer et al. 2008). Many studies have shown the importance of certain 
variables to mussel life history, including: substrate, temperature, flow, nutrients, 
dissolved oxygen, and calcium (Lewis and Riebel 1984; Di Maio and Corkum 1997; 
McMahon and Bogan 2001; Watters et al. 2001; Strayer 2008). However, the ability of 
some mussels to adapt to a wide range of these variables highlights the plasticity of this 
taxon (Haag and Rypell 2011) and can greatly influence project outcomes. 
Mark-recapture studies follow individuals in a population over time and can track 
their fate. These studies are becoming common in mussel research (see Villella et al. 
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2004; Hart et al. 2001) and are valuable for assessing the impacts of threats on survival 
(Lettink and Armstrong 2003). Additionally, data collected during recapture can be used 
to evaluate other parameters, such as individual and population growth, recruitment, and 
even movement. Mark-recapture studies have proven essential to enhancing conservation 
of threatened species (Lettink and Armstrong 2003), however, the approach may present 
certain tradeoffs for mussels. 
The burrowing nature of mussels means biologists cannot make direct 
observations (e.g., recaptures) without handling them. The effects of handling on mussels 
is an area of research that remains understudied (Strayer and Smith 2003), but typically, 
the process requires mussels to be removed from the substrate and water to collect data 
on the animal. Marking processes may further increase processing time, and biologists 
have expressed concern about the impact these procedures have on mussel populations 
(Gatenby et al. 2006; Hart et al. 2016). 
STUDY OBJECTIVES 
The goal of this study was to determine how handling and habitat influences 
mussels. Specifically, my objectives were:  
1) Determine how handling affects survival and growth of plain pocketbook 
(Chapter 2). 
2) Evaluate population responses of plain pocketbook to introduced habitats 
(Chapter 3).  
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CHAPTER 2: HANDLING EFFECTS ON SURVIVAL AND GROWTH OF 
LAMPSILIS CARDIUM FRESHWATER MUSSELS 
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ABSTRACT 
Handling freshwater mussels may have negative impacts on their survival, 
growth, or reproduction, and this may affect our interpretation of how mussels respond to 
research and conservation actions. The goal of this study was to investigate how repeated 
dislodgement and emersion during handling affects survival and growth of plain 
pocketbook Lampsilis cardium. Sixty mussels were exposed to one of four handling 
rates: 1) control (no handling), 2) handled every other week, 3) handled once per week, or 
4) handled twice per week, during an 85-d laboratory experiment in 2017. We calculated 
absolute daily growth rates of individuals at the end of the study and compared growth 
rates among control and treatment groups. Growth rates were positive for > 98% of 
mussels and no mortality occurred. A likelihood ratio test indicated growth rates did not 
differ among treatment groups (χ2 (3) = 1.32, P = 0.72). The best growth rate model was 
an intercept-only model that predicted the average mussel grew 8.79 µm/d (95% 
confidence interval 6.97 – 10.61). Our results suggest plain pocketbook survival and 
growth is not compromised by short-term, repeated handling as often as twice per week, 
but consideration of handling procedures and species is necessary to fully understand 
how handling may affect other mussels. 
14 
 
INTRODUCTION 
Freshwater mussels provide ecological, economical, and cultural benefits 
(Williams et al., 1993; Waller et al., 1999; Arbuckle, 2000) around the world, but this 
group of aquatic invertebrates is experiencing one of the highest extinction rates of any 
taxon (Haag & Williams, 2014). North America contains the richest diversity (≈ 300 
spp.) of freshwater mussels and has lost 10% of species (families Unionidae and 
Margaritiferidae) in the past century, while another 65% are endangered, threatened, or 
vulnerable (Graf & Cummings, 2007; Haag & Williams, 2014; Carella et al., 2016). 
Projections estimate North America will lose up to half of its freshwater mussel fauna in 
the next 100 years (Ricciardi & Rasmussen, 1999), and the loss may have serious 
ramifications for aquatic ecosystem biodiversity and function. 
Freshwater mussels (hereafter mussels) are declining in diversity and abundance 
(Bogan, 1993) as a result of pollution and modification of their stream and lake habitats 
(Lopes-Lima et al., 2018). Mussels are sensitive to pollution and degraded water quality 
because they are primarily sessile and cannot easily avoid harmful conditions. 
Modifications such as impoundments and channelization can fragment and isolate mussel 
populations as well as limit movement of host fishes that mussels depend on for 
reproduction and dispersal (Haag & Williams, 2014). Non-indigenous mollusks (e.g., 
family Dreissenidae) are also a threat to native mussels in North America because of 
fouling and competition for resources (Haag et al., 1993; Newton et al., 2011). 
Conservation of mussels, in concert with protection of land and water, is crucial to 
prevent further loss of biodiversity (Lopes-Lima et al., 2018). 
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 Mussel conservation has gained momentum since the 1990s after the National 
Native Mussel Conservation Committee (NNMCC) developed and published a National 
Strategy for the Conservation of Freshwater Mussels that identified actions to maintain 
and recover mussels in NA (NNMCC, 1998). Much progress has been made in the last 
thirty years (see Haag & Williams, 2014), however, there is continual need for research 
and management of mussel taxa because numerous species remain data-deficient. Long-
term (i.e., multi-year) and quantitative (i.e., excavation of substrate) surveys are proving 
valuable because they can determine temporal trends and detect rare and cryptic species. 
Furthermore, monitoring is necessary to determine the efficacy of conservation efforts 
(Cope & Waller, 1995; Sarrazin & Legendre, 2000; Carey et al., 2015). Mussel research 
will likely continue over the coming years to investigate species-specific ecology and 
develop management plans (FMCS, 2016), but there may be potential for research to 
inadvertently cause mussels harm through actions such as handling. 
 Mussels are endobenthic and remain partially to fully buried in the substrate of 
their lotic or lentic habitats for the majority of their lives (Allen & Vaughn, 2009) thus, 
surveys often require mussels to be removed from the substrate to make observations 
such as size, condition, or other required measures. Dislodging a mussel from the 
substrate can require force by the researcher because mussels anchor themselves firmly 
into the substrate with their muscular foot. A dislodged mussel may then be subjected to 
depth and temperature changes, aerial exposure, and other handling (e.g., marking) 
processes (Bolden & Brown, 2002). The invasive process of handling during surveys may 
induce physiological stress in mussels (Negishi & Kayaba, 2009) that could emanate into 
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depressed function or condition, and this concern has been mentioned anecdotally in 
several malacological studies. 
Stress from handling may affect mussel survival (Cope & Waller, 1995; Dunn et 
al., 2000; Bolden & Brown, 2002), growth (Strayer & Smith, 2003; Waller et al., 2017), 
and even reproduction (Leferve & Curtis, 1911; Waller et al., 1999; Haag & Warren Jr., 
2003; Barnhart et al., 2008). For example, Cope & Waller, (1995) reviewed 37 mussel 
relocation projects that included monitoring for at least one year and found mortality 
rates averaged nearly 50%, citing handling as a potential contributor. Waller et al., (2017) 
tested fatmuket Lampsilis siliquoidea (Barnes, 1823) growth in response to carbon 
dioxide exposure but partially attributed their results to handling because removal of 
mussels from the substrate may have caused cessation of growth for several days after 
disturbance. Waller et al., (1999) observed several female threehorn wartyback 
Obliquaria reflexa (Rafinesque, 1820) abort their glochidia in response to handling. 
Given the steady increase in research and management of mussels, it is unusual that few 
studies have gone beyond anecdotal observations to explicitly address handling effects on 
mussel growth (see Haag & Commens-Carson, 2008; Haag, 2009; Negishi & Kayaba, 
2009) or survival (see Waller et al., 1995; Bartsch et al., 2000). Furthermore, only one of 
these studies (Bartsch et al., 2000) was conducted in a controlled environment.  
Repeated handling is common in mussel research that is conducted both in situ 
and ex situ. For example, Hua et al., (2015) conducted an in-stream study that included 
nine surveys of a mussel population over a 2-year period to estimate population 
parameters. Similarly, Ganser et al., (2013) conducted a laboratory experiment that 
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included handling mussels five times in a 28-d period to monitor physiological responses 
to water temperature. Repeated handling could have implications for the physiology of 
mussels, and in turn, the conclusions we draw from observed biological processes such as 
survival or growth.  
The goal of our study was to determine how repeated handling affects mussels. 
We designed a laboratory experiment to limit differences in environmental variables and 
isolate effects of repeated handling on subadult plain pocketbook L. cardium 
(Rafinesque, 1820) mussels. Our objective was to evaluate the survival and growth of 
mussels exposed to four different handling rates. We hypothesized both survival and 
growth are negatively correlated to handling rate.  
METHODS 
Test organisms 
 We obtained age-2 propagated plain pocketbook mussels (N = 60) from the North 
Platte State Fish Hatchery in Nebraska. We selected mussels from the same cohort based 
on size similarity (initial shell length ranged 38.70 to 45.44 mm) to minimize intrinsic 
growth rate variability. We randomly applied numbered bee tags (The Bee Works, 
Orillia, Ontario) to the exterior of the shell using cyanoacrylate glue and glue accelerator. 
We transported mussels from the propagation facility to our lab at the University of 
Nebraska-Lincoln in June, 2017 and acclimated them to laboratory and water quality 
conditions for five days before starting the experiment.  
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Experimental design and water quality 
We randomly distributed mussels (n = 5) according to tag color (e.g., red, white, 
blue, mix) into 10-gallon glass aquaria placed side-by-side within two, 140-gallon 
fiberglass Min-O-Cools®, so that each Min-O-Cool® (hereafter minocool) housed six 
aquaria (hereafter tanks). Each tank served as the experimental unit (Figure A-1). We 
filled tanks with 10 cm of pre-washed sand substrate and tap water treated to remove 
chlorine and chloramines. We placed a 92-gallon-per-hour (GPH) spray-arm filter at the 
water surface to deliver water flow and oxygen, and a 93-GPH powerhead at the substrate 
surface for additional water flow. One end of each minocool received a supply of city tap 
water, and standpipes at the opposite ends retained the water to a level slightly below the 
rims of tanks, creating a water bath. We adjusted the speed of water entering the 
minocools and used submersible heaters to maintain the water bath (and therefore tanks) 
to our target temperature of 20°C. We fed mussels daily by dropping 0.75 mL of a 1:2 
ratio of Reed Mariculture (Campbell, California) foods Nanno 3600 (~1-2 μm) and 
Shellfish Diet 1800 (~4-20 μm) into each tank (Wang et al., 2007; Ganser et al., 2015). 
Partial water changes of a volume equaling 10-15% were completed every other week 
and care was taken not to disturb mussels during the process. Photoperiod was 24L:0D 
and tanks were covered with two layers of shade cloth removed only for interaction and 
maintenance of tanks. Air temperature in the laboratory was regulated by thermostat to ≈ 
20°C. 
Water temperature, dissolved oxygen, and ammonia are variables thought to 
influence mussel survival and growth (Strayer, 2008) and were monitored throughout the 
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experiment. We measured water temperature (0.01°C) and dissolved oxygen (0.01 mg/L) 
daily with a YSI handheld probe and nitrogen – ammonia (0.01 ppm) weekly with a 
digital pocket meter in each tank. Mussel shell deposition is dependent on the availability 
of calcium in the water. We did not measure water hardness, but we consulted the 2017 
Annual Drinking Water Quality Report (Beutler & Esposito, 2017) published by the city 
of Lincoln to get an estimate of the calcium carbonate concentration [CaCO3] that would 
have been present in the water we used to fill tanks. The report showed average monthly 
concentration was 236 ppm, and classified as ‘very hard’ according to the U.S. 
Geological Survey (Durfor & Becker, 1964). 
Handling treatments 
 We exposed each tank to one of four handling rates (treatments; C, T1, T2, T3) 
for a period of 85 days from 3 July to 25 September 2017. We handled all mussels on the 
first day of the experiment, and thereafter, control group mussels (C) were not handled 
again. Additionally, mussels were handled every other week (T1), every week (T2), or 
twice per week (T3) until all mussels were handled on the final day (Figure 2-1). We 
defined handling as: dislodgement from artificial substrate and short-term emersion to 
collect size measurements. We chose handling rates that were liberal but representative of 
varying levels of disturbance that mussels could experience as a result of research 
conducted both in situ and ex situ, and we expected to elicit a biological response within 
a short time-span. Each treatment was replicated with three tanks. One replicate from 
each treatment was assigned to a tank located: near an end of a minocool, second nearest 
an end, and third nearest an end, to reduce potential bias associated with a tank’s 
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proximity to a heater. On handling days, we extracted all mussels from a single treatment 
tank at once, measured them, and immediately returned them to the substrate surface of 
their assigned tank before moving on to the next tank. We measured shell length, height, 
and width using a waterproof electronic caliper that reported to 0.01 mm with ± 0.02 mm 
accuracy. Size metrics such as shell dimensions and wet-mass are commonly used in 
mussel studies where the response being evaluated is growth (Hinch et al., 1986; Negishi 
& Kayaba, 2009; Larson et al. 2014). We defined shell dimensions as follows: length = 
maximum dimension from anterior to posterior shell margins running parallel to hinge; 
height = maximum dimension from ventral to dorsal shell margins running perpendicular 
to hinge; width = maximum dimension from left to right when both valves were 
appressed (equivalent to thickness). We began measuring wet-mass (shell + body + 
extravisceral water) as described in Bolden & Brown, (2002) on the fifth day of the 
experiment, and thereafter on their subsequent scheduled handling dates, with the 
exception of the control tanks. We measured wet-mass with a digital scale to the nearest 
0.1 mm. Approximately 2 – 5 minutes per tank was spent searching for buried mussels 
and dislodging them from the substrate. Emersion time was approximately 3 – 5 minutes 
to acquire measurements. 
We observed mussel behavior during handling for sublethal responses to 
emersion, as described in Bartsch et al., (2000) to include shell gaping, foot extension, 
and mucus production. We considered a mussel to be alive if it retracted its foot and 
closed its valves in response to touch. Conversely, we denoted a dead or moribund (i.e., 
dying) mussel as one that exhibited lack of response to touch. We anecdotally observed 
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mussel behavior between handling events for delayed or failed reburial, as well as 
gaping. 
Statistical analyses   
We tested the relation between length, height, width, and wet-mass among all 
mussels with linear regression and tested the correlation (r) between all pairs with 
Pearson’s product-moment correlation tests to determine if a single response variable 
could be used. We used day-1 measurements for length, height, width and day-5 
measurements for wet-mass to calculate the mean, 95% confidence interval (CI), and 
coefficient of variation (CV; %) for each, with the least variable (i.e., lowest CV) metric 
(length) chosen for further analyses. We tested homogeneity of day-1 shell length among 
experimental units and treatment groups with one-way analysis of variance (ANOVA) to 
examine the intrinsic variability in mussel size at the start of the experiment.  
We examined the homogeneity of water quality data (dissolved oxygen, water 
temperature, and ammonia) to determine if our design had successfully controlled for 
each of these variables that could have confounded our results. We used a one-way 
Welch’s F test (Welch, 1951) to test dissolved oxygen and water temperature only 
because these data violated the assumptions of normality (Shapiro-Wilk’s test) and equal 
variances (Levene’s test) among treatments. We chose Welch’s test because it is only 
slightly less robust than an ANOVA to deviations in normality (Zar, 1999) and it 
performs better than nonparametric alternatives (e.g., Kruskal-Wallis) when data are 
heteroscedastic (Liu, 2015). We tested ammonia with a one-way ANOVA.  
We calculated percent (%) survival S for each tank as:  
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𝑆% =
𝑁𝑓
𝑁𝑖
 x 100 
where Nf is the number of mussels alive on experiment-day 85 and Ni is the number of 
mussels alive on experiment-day 1. We calculated daily absolute growth rate G in 
micrometers (µm) for individual mussels as:  
𝐺µm =
𝐿𝑓 − 𝐿𝑖
𝑡𝑓 − 𝑡𝑖
 x 1000 
where 𝐿𝑓 is final shell length (mm), 𝐿𝑖 is initial shell length (mm), and 𝑡𝑓 − 𝑡𝑖 is time 
between initial and final measurements (85-d). We suspected G could have been 
influenced by our experimental design because space limitations required us to divide 
tanks among two minocools and house more than one mussel per tank. This situation 
created two potential data structure problems for modelling G in response to treatments: 
1) an unequal number of each replicates in each minocool (unbalanced data), and 2) non-
independence of subjects. Thus, we employed linear mixed effects models to account for 
these concerns (Venebles & Dichmont, 2004; Bolker et al., 2009). We constructed a 
global model to relate the dependent variable G in response to the fixed categorical 
variables: handling frequency (treatments; 4 levels: C, T1, T2, T3) and tank location 
(minocool; 2 levels: A, B). The random effects term was the experimental unit (tanks: 12 
levels: 1 – 12), such that, intercepts could vary. From the global model, we performed 
backward stepwise regression using likelihood ratio tests (LRTs) to test fixed effects 
only, and discarded terms that did not differ significantly from zero. We used maximum 
likelihood (ML) to estimate all models.  
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We used α = 0.05 for all significance tests and a post-hoc analysis was performed 
if P < α. All graphical and statistical analyses were performed in R (Version 3.3.3; R 
Core Team, 2017) with packages car (Fox & Weisberg, 2011), onewaytests (Dag et al., 
2018), tidyverse (Wickham, 2017), tseries (Trapletti & Hornik, 2018), and lme4 (Bates et 
al., 2015).  
RESULTS 
Correlation and variation of size 
There was a linear relationship between each pair of size metrics (Figures A-2 to 
A-7), and the Pearson’s product-moment correlation coefficients suggests these variables 
are functionally dependent in mussels: [length:height (r = 0.75, P < 0.001); length:width 
(r = 0.53, P < 0.001); height:width (r = 0.61, P < 0.001); length:wet-mass (r = 0.79, P < 
0.001); height:wet-mass (r = 0.79, P < 0.001); width:wet-mass (r = 0.83, P < 0.001). 
Variability (CV) of initial size measurements appeared similar for all metrics (length = 
3.3%; height = 3.5 %; width = 4.6 %; wet-mass = 6.0%) but was least variable for length, 
therefore, we subsequently chose to use length for the remainder of analyses. Initial shell 
length of mussels on day-1 of the study did not differ among tanks (Figure 2-2) or 
treatment groups (Figure 2-3) and mean (± SD) shell length was 42.53 ± 1.42 mm. 
Water quality 
Water quality did not differ among tanks for dissolved oxygen (F11,373.1 = 1.21; P 
= 0.28; Figure A-8) or ammonia (F11,373.1 = 1.18; P = 0.33; Figure A-9). Dissolved 
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oxygen ranged 7.47 – 9.06 mg/L with a mean (± SD) of 8.67 ± 0.22 mg/L. Ammonia 
remained at non-lethal concentrations for this species (Augspurger et al., 2003), and 
ranged 0.00 –  0.30 ppm with a mean (± SD) of 0.10 ± 0.06 ppm. Water temperature did 
vary among tanks (F 11,373.2 = 3.33; P < 0.001; Figure A-10), and a post-hoc Games-
Howell t-test (used in lieu of the Tukey test when variances are unequal) indicated the 
mean of tank 1 (20.65°C; 95% CI 20.51 – 20.80) was 0.32°C different than the mean of 
tank 12 (20.33°C; 95% CI 20.23 – 20.44). However, we attributed this difference to the ± 
0.2 accuracy of the YSI probe, and furthermore, we believe a true mean difference of 
0.32°C would not have a biologically meaningful effect on mussel survival or growth 
given the timeframe of our study. Water temperature ranged 18.8 – 23.4°C during the 
first two days of the experiment; thereafter it ranged from 19.6 – 22.0°C. Mean (± SD) 
water temperature during the study was 20.51 ± 0.59°C.  
Handling and behavior 
The behavior of mussels during handling appeared normal; upon initial touch for 
extraction, mussels would quickly snap their valves shut. During the short period of 
emersion, gaping and foot extension was occasionally observed in some mussels that 
were waiting to be measured, but when touched, mussels would respond by retracting 
their feet and closing their valves again. Most mussels would bury within a few minutes 
of being returned to their tanks (Figure A-11) and all were fully buried before their 
subsequent handling date.  
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Survival and growth rate 
 No mortality occurred during the experiment, so mussel survival was 100% for all 
treatments. Daily growth rates of individuals (Figure 2-4) ranged -1.18 – 20.47 µm and 
were positive for >98% of mussels; a single (T2) mussel that had been sampled once per 
week had a negative growth rate. Likelihood ratio tests indicated all fixed effect terms 
could be discarded from the global model (Table 2-1). Tank location (minocools) did not 
affect growth rates (χ2 (1) = 2.80, P = 0.09). Furthermore, a model containing only the 
fixed effect of handling frequency (treatment; Figure 2-5) was not a better predictor of 
mussel growth rates when compared to the null model (χ2 (3) = 1.32, P = 0.72). The best 
model of mussel growth rates given our data and analysis was an intercept-only model 
that accounted for random effects from individuals within tanks. Tank means ranged 4.54 
– 13.67 µm/d and treatment means ranged 7.86 – 10.22 µm (Table 2-2). The predicted 
mean daily growth rate for each mussel was 8.79 µm (95% CI 6.97 – 10.61).  
DISCUSSION 
Our results indicate repeated dislodgement and short-term emersion during 
research would be unlikely to cause significant mortality or reduced growth of subadult 
plain pocketbook mussels. The survival rate (100%) and predicted mean daily growth 
rate (8.79 µm) in our study is comparable to a previously reported rate by Newton et al., 
(2003) that studied juvenile (3- to 5-d-old) plain pocketbooks in a toxicity experiment. 
Newton et al., (2003) found control group survival was > 99% and mussels grew 4.2 – 
7.2 µm/d while being reared in a silt-clay-sand substrate in a laboratory. Water quality 
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(e.g., dissolved oxygen, water temperature, pH) in Newton et al., (2003) was similar to 
ours and even though we used larger, older mussels, we believe survival and growth of 
our mussels were consistent for this species. However, we did observe a negative growth 
rate for a single T2 mussel that had been handled once per week. Shell erosion and 
dissolution is common in nature (Haag & Commens-Carson, 2008), especially in 
temperate climates where growth can cease during winter, but our environment should 
have been conducive for growth (despite handling) because temperatures were not 
extreme and neither food nor calcium was limited. Thus, the negative growth we 
observed could have been a result of the stress induced by our handling, or it could have 
been the result of an error in our measurement or instrument. Regardless, the 
phenomenon was uncharacteristic because shell lengths increased over time for all other 
individuals. 
High variability (CV >50%) in shell dimensions has been observed within cohorts 
of the same species exposed to the same environmental conditions, including several 
lampsilines (Barnhart, 2005; Larson et al., 2014).  Larson et al. (2014) found this 
phenomenon can make it difficult to detect the effect of a stressor on growth and noted 
soft-tissue mass may be a better indicator of growth. Ultimately, using the soft-tissue 
metric could reduce the probability of a Type II error, but destructive sampling was not 
possible given our experimental design. Our variation in shell length was low (CV = 
3.3%) and day-1 lengths did not differ among tanks or treatments, meaning mussels were 
following similar growth trajectories at the start of the experiment. We believe the 
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handling rates we chose should have been able to elicit a detectable difference in these 
trajectories if there had truly been an effect.  
Visual inspection of the mean growth rates plot showed a potential declining trend 
as handling rate increased and we thought this trend might be biologically important even 
if not statistically significant. However, we noticed a resemblance of this plot (Figure 2-
5) to the plot of day-1 shell lengths among treatment groups (Figure 2-3), leading us to 
suspect this pattern of growth was merely a reflection of size-specific growth, and the 
declining trend was not a result of handling. The fact that no mussels died during our 
experiment, and behavior appeared normal, further supports our conclusion because we 
clearly determined there was no effect on survival. 
Few studies on handling stress of mussels exist, but our results confirm the 
survival results found in available literature. For example, Waller et al., (1995) assessed 
survival for threeridge Amblema plicata (Say, 1817) and threehorn wartyback in response 
to different emersion-times and air temperatures. Waller et al., (1995) found no 
differences in survival among treatment groups (n = 75) that were emersed for 0-, 1-, 4- 
and 8-hour periods in June (≈19 – 29°C) and October (≈13 – 25°C). Bartsch et al., 
(2000), evaluated survival of mussels held at water temperatures of 10 and 25°C in 
response to a one-time handling treatment that was a combination of emersion-time (0, 
15, 30, and 60 min) and air temperature (15, 20, 25, 35, 45°C). Bartsch et al., (2000) 
tested plain pocketbook, pimpleback Quadrula pustulosa (Lea, 1831), and spike Elliptio 
dilatata (Rafinesque, 1820) mussels (n = 10 mussels/treatment combination) and found 
survival was unaffected for plain pocketbook and pimpleback at all treatment 
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combinations, but decreased survival was noted for spike mussels exposed to longer 
emersion-times at extreme temperature changes.  
Studies that have evaluated mussel growth in response to handling include 
Negishi & Kayaba, (2009) that tested growth rates of Pronodularia japanensis (Lea, 
1859) in response to repeated surveys of dislodgement, aerial exposure, and measurement 
processes over a period of ≈ 45 min in a Japan river. Negishi & Kayaba, (2009) surveyed 
mussels (n ≥ 38) at 0-, 1-, 2-, and 3-month intervals that resulted in mussels being 
disturbed up to six times, and like our study, they did not have evidence their actions 
affected mussel growth. However, a different result was observed by Haag & Commens-
Carson, (2008) and a related study (Haag, 2009) of pimpleback mussels in response to 
repeated handling and found >70% had reduced growth after being handled twice in a 
two-year period (n = 32) compared to those handled once (n = 13). Larger (older) 
pimplebacks (> 47 mm) handled more often were also observed to have decreased in size 
(i.e., negative growth rate). One difference between our study and the latter, was the 
amount of time mussels were out of the substrate. Our plain pocketbook mussels were 
returned to the artificial substrate surface after ≈ 10 min of disturbance and handling, then 
allowed to begin the reburial process immediately. Haag & Commens-Carson, (2008) 
contained mussels in mesh bags submerged in the river for up to 3 h on the first capture 
occasion before being processed and returned to the substratum, leading us to question if 
the duration of disturbance (rather than the disturbance itself) was the mechanism for 
reduced growth.   
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The above studies varied in frequency of disturbance, duration of emersion, and 
exposure conditions compared to ours, but results indicate handling (by various methods) 
is unlikely to affect the persistence of species that have been tested. However, the shell 
loss exhibited in larger pimpleback after two disturbances suggests species, sizes, or ages 
could be affected differently by handling, and perhaps reduced growth is a sublethal 
response.  
Our investigation brings awareness to the notion that handling could affect 
mussels in complex ways that we currently do not understand. Failure to consider this 
concern could bias results and ultimately, have consequences related to our assessment of 
success of a given management action or study. We are limited in our comprehension of 
the relationships between mussels and handling because so few studies on the topic have 
been conducted. The relevant literature suggests the species, method of handling, and 
environmental conditions are all important factors in determining why some mussels 
might be affected by handling. The resilience of plain pocketbook in this study should not 
overshadow the additional concern that frequency of handling may also be a factor for 
other species, and this is especially important for studies that rely on repeated measures 
to monitor mussels over time. For example, mark-recapture surveys and LD50 
experiments may require mussels to be handled at regular intervals. Understanding how 
and why handling affects mussels could help decipher if observations (e.g., survival, 
growth, behavior) can be attributed to the treatment, or if they were confounded by 
handling. 
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Table 2-1. Results of likelihood ratio tests that tested the significance (α = 0.05) of fixed 
effects: tank location (minocool; 2 levels) and handling rate (treatment; 4 levels) from 
mixed effects models of plain pocketbook growth rate (G). The random effects term 
(1|Tank) was not evaluated. 
  Likelihood Ratio Tests 
Models χ 2 df P 
Test significance of minocool (M)     
     Global model                   G ~ T + M + (1|Tank)    
     Reduced model 1       G ~ T + (1|Tank) 2.80 1 0.09 
     
Test significance of handling rate (T)     
     Reduced model 1    G ~ T + (1|Tank)    
     Null model G ~ 1 + (1|Tank) 1.32 3 0.72 
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Table 2-2. Summary statistics of the mean daily growth rate (absolute), standard deviation (SD), and 95% confidence intervals of 
plain pocketbook among treatments and experimental units (tanks). 
 Treatment statistics (n = 3 tanks)  Tank statistics (n = 5 mussels) 
Treatment 
Mean ± (SD) 
(µm) 95% CI Tank 
Mean ± (SD) 
(µm) 95% CI 
C 
no handling 
   1 6.26 (2.86) 2.71 9.81 
10.22 (3.43) 1.69 18.74 5 12.16 (5.56) 5.26 19.07 
   9 12.23 (1.90) 9.87 14.60 
T1 
handled every 
other week 
   2 10.21 (6.86) 1.69 18.73 
9.12 (1.35) 5.75 12.46 6 7.60 (2.17) 4.90 10.30 
   10 9.51 (6.74) 1.14 17.88 
T2 
handled once 
per week 
   4 5.36 (1.95) 2.94 7.79 
7.86 (5.04) -4.69 20.40 8 4.54 (4.63) -1.21 10.29 
   12 13.67 (6.35) 5.78 21.56 
T3 
handled twice 
per week 
   3 5.65 (4.45) 0.12 11.18 
7.98 (2.85) 0.90 15.05 7 7.13 (2.18) 4.43 9.83 
   11 11.15 (2.81) 7.66 14.64 
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Figure 2-1. Diagram showing the top view of aquaria set-up and design of the experiment 
with plain pocketbook. Mussels (n = 5) bearing unique tags (e.g., 2B) were reared in 10-
gallon closed-system aquaria (tanks; 1-12) held within two 140-gallon fiberglass flow-
through minocools and exposed to one of four handling rates (C, T1, T2, T3) for 85 days 
in 2017. Treatments were: C – no handling, T1 – handled every other week, T2 – handled 
every week, T3 – handled twice per week. Handling was defined as: dislodgement from 
artificial substrate and short-term emersion to collect size measurements.
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Figure 2-2. Box and whisker plot (points = individuals; whiskers = smallest or largest 
observations less than or equal to lower or upper hinge + 1.5 * IQR; box = 25 and 75% 
percentiles and median) of shell lengths for plain pocketbook measured on day-1 of the 
experiment. Differences among means were tested with ANOVA (α = 0.05).
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Figure 2-3. Box and whisker plot (points = individuals; whiskers = smallest or largest 
observations less than or equal to lower or upper hinge + 1.5 * IQR; box = 25 and 75% 
percentiles and median) of shell lengths for plain pocketbook measured on day-1 of the 
experiment. Differences among means were tested with ANOVA (α = 0.05). 
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Figure 2-4. Daily absolute growth rates of plain pocketbook individuals on day-85 of the 
experiment.
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Figure 2-5. Means (points) and 95% confidence intervals of plain pocketbook growth 
rates among handling rate treatments. Individual growth rates were averaged by 
experimental unit and then by treatment. 
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CHAPTER 3: EVALUATING POPULATION RESPONSES OF THE 
FRESHWATER MUSSEL LAMPSILIS CARDIUM FOLLOWING 
INTRODUCTION IN NEBRASKA
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ABSTRACT 
 Freshwater mussels are a globally diverse group of aquatic invertebrates, but 10% 
of species have become extinct in the last century and 65% are at risk. Conservation of 
freshwater mussels in North America has been expedited to preserve and restore 
populations, but the complex life history of these animals has presented many challenges 
for biologists. The number of species requiring attention means initial projects are often 
developed from a broad perspective of what mussels need to live without a thorough 
understanding of species-specific ecology. Thus, it is critical to evaluate the successes 
and failures of these projects to optimize future conservation. The plain pocketbook 
Lampsilis cardium is an imperiled freshwater mussel in Nebraska, USA that was 
introduced at 13 sites among three streams by the Nebraska Game and Parks Commission 
in autumn 2016 and summer 2017. The goal of this study was to assess plain pocketbook 
population responses to variable habitats and management strategies to inform future 
reintroductions. We conducted a two-year mark-recapture study to: 1) determine how 
habitat and timing of introduction affects mussel survival and growth, and 2) determine 
how size-at-introduction affects mussel survival. We surveyed all 13 sites up to six times 
during the growing season using a submersible radio-frequency antenna to locate and 
recapture Passive Integrated Transponder (PIT) tagged mussels. Growth was attributed to 
water temperature and survival was qualitatively related to each habitat’s ability to 
provide refuge from floods, predators, extreme temperature, and poor water quality. Our 
study provides an understanding of the habitats and implications of management 
decisions that influence plain pocketbook population dynamics. Biologists can use this 
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information to identify more suitable habitats and conduct introductions at more 
opportune times for this species.  
INTRODUCTION 
Freshwater mussels are one of the most diverse groups of animals, with about 840 
species globally and 300 in North America (Graf and Cummings 2007). Unfortunately, 
freshwater mussels are also the most imperiled because nearly 70% of species in North 
America have unstable populations and many have already become extinct (Haag and 
Williams 2014). Our understanding of what has caused declines in species abundance and 
diversity is not complete, but this trend has been linked to overharvest, alterations of 
stream and river habitats, pollution, and non-native mollusks (Lopes-Lima et al. 2018). 
Freshwater mussels (hereafter mussels) provide valuable ecosystem services such as 
improved water quality and substrate stability. The need to protect and conserve these 
animals and their habitats has been increasing since the mid-20th century, as extinctions 
became more apparent and widespread. In North America, the U.S. Fish and Wildlife 
Service has implemented the Fish and Wildlife Conservation Plan that provides a 
framework of goals to conserve, restore, and enhance aquatic species, including the 88 
federally endangered mussel species in the U.S. (USFWS; U.S. Fish and Wildlife Service 
2016). Individual state wildlife action plans have identified at-risk species not listed 
under the Endangered Species Act, and many states (e.g., Virginia, Tennessee, 
Minnesota, Texas, Kansas) have management plans in place to maintain and restore 
native mussels (Haag and Williams 2014). 
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 A common approach to mussel conservation is to introduce mussels into new 
habitats, or habitats where they have been extirpated (Dunn et al. 2000). There are several 
reasons for introductions, including the need to relocate existing mussel beds away from 
threats (Cope et al. 2003; Fernandez 2013) as well as augmenting or establishing 
populations (Neves 1997; Carey 2013), typically through artificial propagation. 
Regardless of the purpose, a critical step in the management process is deciding where to 
introduce mussels. The physical environment is the primary driver of mussel distributions 
(Carlson et al. 2008; Hart et al. 2016), influencing the ability of mussels to survive, grow, 
and become self-sustaining populations. The method to identify suitable introduction 
habitats remains subjective, but has been based on physical parameters (e.g., stream 
width) and qualitative descriptions (e.g., riffles) (Hart et al. 2016). Managers have also 
chosen habitat based on the presence of an existing mussel assemblage, largely because 
these habitats apparently meet the general needs of mussels.  
 A second step in the management process is deciding when to introduce mussels 
and this has been based on the size or life stage of mussels, weather or seasonal 
conditions, and even staff availability. An inappropriately timed introduction could 
subject mussels to unsuitable environmental conditions or interrupt life history processes 
(e.g., spawning). Thus, the multitude of variables pertaining mussel introductions means 
it is unlikely every effort will be successful, and post-introduction monitoring is crucial to 
understand how these factors regulate populations (Newton et al. 2011). Monitoring 
studies can greatly inform management, and ultimately, enhance conservation of these 
animals. 
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Plain pocketbook Lampsilis cardium was reintroduced in Nebraska as part of the 
state’s first mussel restoration project. This mussel was once common across the eastern 
third of the state, but became a species of conservation need after surveys showed its 
distribution had been reduced to a single river. The Nebraska Game and Parks 
Commission (NGPC) artificially propagated this species in 2015 with the goal to 
establish three naturally recruiting populations. During propagation, streams were 
identified for introduction where managers wanted streams to 1) be within the species 
historic range, 2) provide fish hosts for reproduction, and 3) maintain flows despite 
climate change. Three streams were selected based on these criteria; 13 specific in-stream 
introduction sites across these three streams were identified as they provided accessibility 
and wadeable depths conducive for monitoring. A cohort of subadult mussels was 
introduced between autumn 2016 and summer 2017 among sites, creating a unique 
opportunity to research how habitats at different spatial scales as well as other 
management decisions influenced mussel population dynamics. 
The goal of our study was to assess plain pocketbook population responses to 
habitats (e.g., sites and streams) and management strategies to inform future 
introductions. We conducted a two-year mark-recapture study with the following 
objectives: 1) determine how habitat and timing of introduction affects mussel growth 
and survival, and 2) determine how size-at-introduction affects mussel survival. We 
hypothesized growth would be unique to streams and mussels introduced during summer 
would grow faster than mussels introduced during fall. We expected a positive 
relationship between shell length and survival. Lastly, we predicted survival would be 
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unique to sites and be greatest for mussels introduced in summer due to increased 
acclimation time before winter. Our study provides a more complete understanding of 
how plain pocketbook interact with the environment as well as the management actions 
that can improve success of future introductions of this species and others.  
METHODS 
Subadult mussels 
Plain pocketbook mussels were propagated with an in-state source of brood at the 
North Platte Fish Hatchery in North Platte, Nebraska using intensive and extensive 
culture techniques. Metamorphosed mussels (i.e., mussels that had dropped from the gills 
of inoculated host fish) were collected on 10 June, 2015 and reared until autumn 2016 
when a subset of mussels ≥ 20 mm were tagged, measured, and introduced into streams 
as subadults. Mussels were marked with Passive Integrated Transponder (PIT; Biomark, 
Boise, Idaho) tags or bulk vinyl shellfish tags using cyanoacrylate glue and glue 
accelerator. Dental cement was used to encapsulate PIT tags to increase tag retention 
(Kurth et al. 2007). Mussels were also marked with a dot of white glue on each valve 
near the umbo so natal origin would be known if tags were lost. Mussels were introduced 
at two sites in Cache Creek, two in Rose Creek, and three in Shell Creek in August and 
September 2016. The remaining mussels from this cohort were processed in the same 
manner and introduced at two additional sites in each creek during June, 2017. A total of 
2,686 PIT-tagged and 2,681 shellfish-tagged mussels were introduced, ranging from 198 
to 659 individuals per site (Table 3-1).  
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Study areas 
The size of sites ranged from ≈ 30 to 1,200 m in length and each included a 10 m 
buffer upstream and downstream of where mussels were introduced. Most sites were less 
than 100 m away from another site to facilitate genetic transfer during spawning in the 
future. All study streams were perennial and base flows were maintained throughout the 
year by groundwater springs. Fish hosts for plain pocketbook were documented within at 
least one site on each stream (Table B-1) and included two species of the Centrarchidae 
family. A complete list of fish hosts for plain pocketbook can be found on the 
mussel/host database website made available by the Illinois Natural History Survey. 
Cache Creek sites (CC1 – CC4; Figure 3-1) are located on private land in Holt 
County, Nebraska. This clear-water stream is a tributary to the Elkhorn River that, prior 
to reintroductions, contained the only extant population of plain pocketbook in the state. 
Cache Creek flows through the Sandhills, a biologically unique landscape, and has few 
anthropogenic alterations. This stream is moderately sinuous, has little to no canopy 
cover, and banks are constantly being cut and reshaped by extreme flow events. 
Surrounding land use is primarily cattle pasture interspersed with row crop agriculture. 
Although the native mussel diversity is limited to about five species, plain pocketbook 
was expected to do well in this stream because the habitat is presumably similar to the 
Elkhorn River.  
Shell Creek sites (SC1 – SC5; Figure 3-2), located in Platte County, Nebraska are 
also on private land utilized for row crop and cattle production, though cattle do not enter 
the sites. Shell Creek is sinuous and somewhat canopied, and buffers strips create heavily 
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vegetated banks, although, banks are moderately incised and still prone to erosion. A 
water-improvement plan was implemented for this stream in 1999 to reduce unsafe levels 
of atrazine, and this stream is no longer impaired (NDEQ 2018). The mussel community 
consists of 8 – 10 species, and this criterion was used as an indicator of suitable water 
quality for plain pocketbook.  
Rose Creek sites (RC1 – RC4; Figure 3-3) are located in Jefferson County on two, 
separate, state-owned management areas that are heavily wooded, but land use between 
the properties consists of private-owned pastures and row crops. Sand and gravel make 
up most of the stream bed, but patches of silt and compacted sediments are also present. 
Banks steepness ranges from sloping to sheer > 10 m cliffs. This stream was expected to 
be beneficial to plain pocketbook because of the diversity of native mussels present.  
Field methods 
Sampling was conducted in the spring, summer, and fall from 9 May 2017 to 5 
October 2018, resulting in 4 – 6 sample periods per site. Most surveys were conducted at, 
or slightly above base flow when water levels were conducive for wading. We measured 
water quality and flow variables at the downstream, middle, and upstream extents of each 
site prior to searching for mussels to gain a better understanding of the habitat and 
resources. Water quality was measured at mid-channel at approximately mid-column. 
Water temperature (0.1°C), specific conductance (0.0001 mS/cm at 25 °C), and dissolved 
oxygen (DO; 0.01 mg/L) were recorded with a YSI handheld probe. Digital pocket 
meters were used to measure pH to 0.1, calcium ion concentrations to 0.1 ppm, and un-
ionized ammonia (NH3) to 0.01 ppm. We measured water clarity with a turbidimeter to 
52 
 
  
0.1 NTU. We measured wetted width to 0.1 m and took depth measurements at 8 – 12 
increments across the stream, recorded to 0.1 m. Current velocity was measured with a 
flow meter at the same increments as depth, taken at 60% of the water depth and recorded 
to 0.1 m/s. We used width, depth, and flow measurements to calculate water discharge to 
0.01 cms. Substrate composition was estimated during the first survey by performing a 
visual and tactile assessment at each collection point to determine the percentage of: 
hardpan, clay, silt, sand, gravel, cobble, boulder, and other debris including vegetation, 
wood, and metal. We placed waterproof data-loggers in each stream to record mid-
channel, mid-column water temperature at hourly intervals during our 2018 sampling 
season. Habitat data were further supplemented by U.S. Geological Survey (USGS) water 
discharge information from gauges located on our streams or on nearby rivers that served 
as a proxy. Presence of downed trees, debris, or other noticeable physical disturbances 
were also anecdotally assessed during each sample occasion. 
We conducted recapture sampling for mussels using a BioMark model HPR Plus 
receiver and submersible model BP Plus Portable antenna (BioMark, Boise, Idaho). We 
started at the downstream extent and worked upstream, using the antenna to scan the 
entire study site for PIT tagged mussels. We were able to reach from bank to bank with 
the antenna at most sites, but others required 2 – 3 parallel passes to cover the entire 
wetted area. We recorded unique ID, along with the time stamp and GPS coordinates 
when a PIT tag was detected. We then searched the substrate by hand (at some sites up to 
20 cm deep) until the mussel was recaptured. If a mussel could not be found tactilely 
(typically within 10 minutes), we did not consider the detection a recapture because its 
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condition was unknown. Mussels with shellfish tags were often found next to PIT tagged 
mussels and recaptured during the tactile search; data from these mussels were used in 
growth analyses only. Recaptured mussels were measured for length to the nearest 0.01 
mm using an electronic waterproof caliper. Length is defined as the maximum dimension 
from posterior to anterior shell margins, approximately parallel to hinge. Mussels were 
considered alive if they responded to touch. We recorded gender as female, male, or 
unknown, and randomly checked reproductive status of females suspected to be gravid 
(i.e., brooding larval mussels; Table B-1). Brief handling episodes do not influence plain 
pocketbook survival and growth (Chapter 2). Therefore, mussels were processed as they 
were found and handling was kept at a minimum, with less than five minutes of 
emersion. We returned individuals to the approximate location of recapture and hand 
placed them by gently inserting them 1/3 into the substrate with anterior end down and 
umbo facing upstream. Dead mussels were removed from the study area and recorded; 
during our scans, we would occasionally find single shells or middens (i.e., piles) of dead 
mussels near the water line that we included in our recapture data. 
Growth analyses 
 Shell deposition is influenced by seasonal variation in water temperature, and 
several studies have shown growth ceases when temperatures drop below 15°C (Hastie 
and Young 2003; Beaty and Neves 2004; Hanlon and Neves 2006; Haag 2012; Hua et al. 
2016). Growth cessation was observed during initial inspection of our data, so we used 15 
°C as our threshold, based on previous studies, to determine the length of the growing 
season and analyzed growth accordingly. We obtained air temperature data, recorded 
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daily at gauges near our streams, from the Climate Data Online tool provided by the 
National Oceanic and Atmospheric Administration (NOAA). We used linear regression 
to determine an air temperature of 12.2 °C was equivalent to water temperature of 15 °C 
in our study streams (Figure B-1) and this related to a 184-d growing season from 1 May 
to 1 November (Figure B-2 to Figure B-4). 
We used the typical parameterization of the von Bertalanffy growth function 
(VBGF), 
                                                           E[L|t] = L∞ (1 − e 
−K(t−t0))                                                  
 
where E[L|t] is the mean length at time, L∞ is the asymptotic mean length, K is the Brody 
growth rate coefficient, and t0 is the time when mean length was zero, to estimate growth 
only during growing periods. Equations for the VBGF used for each stage of analyses are 
provided in Table B-3 to Table B-5. The sample date was used to calculate the number of 
degree-days relevant to the start of the study for each site (first introduction of mussels; 
25 August 2016) to standardize time across growth estimates. We then converted degree-
days to degree-years (i.e., divided by 184) because K is estimated in yr -1 units, thus, one 
degree-year is equivalent to 184 days.  
We used a hierarchical approach to determine the spatial and temporal scales that 
best described mussel growth as well as the influence of habitat and timing of 
introduction. Only mussels recaptured at least once after introduction were included in 
models. We began by constructing a fully parameterized model that allowed the VBGF 
coefficients (L∞, K, and t0) to vary among sites that were introduced within the same 
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stream and year following model fitting techniques outlined in Ogle (2016). Models were 
compared using Akaike’s Information Criteria (AIC) and selected following techniques 
outlined in Burnham and Anderson (2002). We then compared the 95% confidence 
intervals (CIs) of L∞ and K from the chosen models to infer if there was a difference in 
growth (no overlap of CIs). If there was overlap, we described growth by pooling the 
data.  
We wanted to determine if mussels introduced in summer have differential 
growth rates compared to autumn. Specifically, we compared mussels introduced in 
summer 2017 to growth of mussels introduced in autumn 2016, nearly 10 months (≈ 100 
degree-days) earlier. We compared models in the same manner as above, except we used 
introduction-year to group growth rates and the stream was a constant factor. We also 
summarized daily growth rates of mussels after their first winter and at the end of the 
study during degree-days to better understand the Brody growth coefficients that resulted 
from our models as well as the influence of season. We calculated absolute daily growth 
rates in micrometers as:  
𝐺µm =
𝐿2 − 𝐿1
𝑡2 − 𝑡1
 x 1000 
where 𝐿2 is the shell length (mm) at time t, 𝐿1 is shell length (mm) at time of 
introduction, and 𝑡2 − 𝑡1 is number of growing days (degree-days above 10 °C) between 
measurements. 
We compared growth among streams using data pooled to the largest scale (e.g., 
spatial and temporal) possible, while keeping introduction-year constant. We only 
included data in our comparisons of above models if the following conditions were met: 
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data from each group (e.g., site, introduction-year, stream) being compared were 
available for period i, and recaptures for period i were ≥ 5. We limited data so growth 
curves would not be influenced by small sample sizes or seasonal differences resulting 
from missing data. All graphical and statistical analyses were performed using R 
(Version 3.3.3; R Core Team, 2017) unless otherwise noted. 
Survival analyses 
We implemented open capture-recapture Cormack – Jolly – Seber (CJS) models 
(Cormack 1964; Jolly 1965; Seber 1965) using program MARK (White and Burnham 
1999) to estimate apparent survival (Φ) and capture probability (p) for each of the 13 
sites. We chose to model at the lowest spatial scale (site rather than stream) so that we 
could infer the importance of microhabitats and potential drivers of mortality. We note 
the probability of survival is “apparent” because CJS models cannot distinguish between 
emigration and mortality, meaning true survival may actually be higher than apparent 
survival if emigration is occurring (Villella et al. 2004; Powell and Gale 2015). We 
occasionally found mussels that had emigrated from other study sites during our surveys, 
but emigrants were not included in the survival models. The assumptions of CJS models 
include 1) marked animals present in the population have the same probability of 
recapture and survival to the next sampling event, 2) tags are not lost and are accurately 
recorded, and 3) recaptures are instantaneous and animals are released immediately after 
sampling (Cooch and White 2018). We included only recaptures and dead (censored) 
individuals in our survival models, thus, assumption one may have been violated due to 
difficulty recapturing mussels that were detected in deep water or course substrate.  
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We predicted apparent survival and recapture probability would vary over time, 
and also that survival was influenced by the size of the mussel at the time of its 
introduction. We developed models that accounted for no variance (.), variance of time 
(t), and variance of initial-length (L). We conducted goodness-of-fit (GOF) tests using the 
function built into program MARK to determine if the global (i.e., most parameterized) 
model {Φt pt} adequately fit the data. We compared the global model to subsets of 
models with fewer parameters using AIC and we used the variance inflation factor (ĉ) to 
adjust AICc values to QAICc where necessary. We used likelihood ratio tests (LRTs) to 
test significance of parameters for models with Δi < 2 and chose models on the basis of 
parsimony if tests were not significant (p < 0.05).    
 We estimated apparent survival and recapture probabilities on monthly (30-d) 
intervals. We used the delta method outlined in Powell and Gale (2015) to convert 30-d 
survival estimates and variances from our top models into daily estimates. We then used 
daily estimates to construct cumulative survival curves to better understand how survival 
changed over time. We assumed a constant variance for each time period because delta 
method equations for cumulative variance would have produced non-meaningful values 
(i.e., beyond the [0,1] boundaries of Φ) and may not be appropriate for complex functions 
(Powell and Gale 2015). We graphically compared survival curves among sites, 
introduction-years, and streams to investigate spatial and temporal variability based on 
our inferences of the patterns and abnormalities we observed. However, we compared 
end-of-study predicted abundances to the number of mussels observed on the last 
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sampling day as a way to assess validity of our model estimates as well as understand the 
effect of detections without recapture.  
Habitat and supplemental observations 
 We graphically examined the spatial and temporal variability of our water quality 
and flow data by calculating means and 95% CIs of variables collected during each 
survey and plotting among seasons and years. We then tested for differences in variable 
means among streams using one-way ANOVAs and Bonferroni multiple comparisons 
tests. We calculated the site-average percent of each substrate particle (e.g., sand, gravel, 
etc.) and constructed box-and-whisker plots to compare values among streams. We 
graphically evaluated the diel and seasonal variability of water temperature in each 
stream by plotting our hourly measurements over time.  
 We did not statistically test effects of habitat on mussel survival because we 
sampled only a few, discrete time points. Rather, we took a deductive approach to 
qualitatively relate survival to what had happened in the environment, and we specifically 
concentrated on periods of reduced survival. We used results from our aforementioned 
habitat analyses to identify abnormal values and trends at the site and stream levels that 
might indicate conditions were not conducive for mussels. We also considered changes in 
water discharge (i.e., USGS gauges) as well as the occurrence and frequency of site or 
stream disturbances, predation, and emigration. This process led us to infer some likely 
causes of mortality, and ultimately, how habitat influenced mussel survival. 
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RESULTS 
Growth 
We recorded shell lengths for 965 individuals (PIT and shellfish tagged) observed 
at least once after introduction, and on occasion up to five times, resulting in 1,394 
length-at-time data used for growth analyses (Table 3-2). Shell growth was positive for 
all but three individuals at the end of the study. Two individuals introduced in the 
summer at SC5 were 1.52 and 19.33 mm smaller, and one individual at CC2 was 0.61 
mm smaller. These mussels had been at large for 79 (CC2) and 152 (SC5) growing-days.  
We did not have sufficient data from Cache Creek for the VBGM to converge at any 
scale. Furthermore, several surveys at RC1 and RC2 resulted in low or zero recaptures 
and data could not be compared among these sites, thus a single growth curve (common 
L∞, K, t0 parameters) was estimated using their combined data (Figure 3-4).  
Growth did not differ for the following three among-site comparisons: 1) SC1, 
SC2, SC3 (ΔAIC = 92.71), 2) SC4, SC5 (ΔAIC = 17.53), and 3) RC3, RC4 (ΔAIC = 
2.27); each of the top growth models (Figure 3-5) had common L∞, K, and t0 parameters. 
Growth differed among introduction-years for both Rose and Shell Creeks (Figure 3-6). 
The top model for Rose Creek was one where growth varied by L∞, K, t0 (ΔAIC = 0.00). 
The common parameters model for introduction-year analysis in Shell Creek did not 
converge, so we could not include it in our comparison. The top model for Shell Creek 
was one where growth varied by L∞, K, and t0 (ΔAIC = 3.08). Growth did not differ 
among streams (Rose and Shell Creeks) introduced in 2016 and the top model included 
common L∞, K, and t0 parameters (ΔAIC = 48.28).  However, growth did vary among 
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streams introduced in 2017, and the top model varied by L∞, K, and t0 parameters (ΔAIC 
= 0.00). The 95% CIs for parameters estimated by candidate models are provided in 
Table B-6 to Table B-8.  
Plain pocketbook growth exhibited three unique patterns: 1) slow and steady 
growth throughout the study (Figure 3-7; A), 2) fast growth immediately after 
introduction (Figure 3-7; B[1]), and 3) highly variable growth (Figure 3-7; B[2]). Daily 
growth rates determined at the end of the study (Table 3-3) were: 1) Rose and Shell 
Creeks introduced in 2016 (122.16 – 127.38 µm/growing-day), 2) Shell Creek introduced 
in 2017 (130.83 – 136.14 µm/growing-day), and 3) Rose Creek introduced in 2017 
(145.67 – 185.29 µm/growing-day). Cache Creek mussels introduced in 2016 grew ≈ 88 
– 107 µm/growing-day (Table B-9 and Table B-10). 
Survival 
 We recaptured 751 PIT-tagged individuals that maintained site fidelity, 
representing 28% of the 2,686 introduced (Tables 3-4 and B-11). These individuals were 
recaptured up to five times, resulting in 1,155 observations that factored into estimates of 
recapture rates and apparent survival. We did not have sufficient data to model CC1 or 
CC4 due to limited recaptures. Goodness-of-fit testing indicated the most general model 
was over-parameterized for sites RC1, RC2, SC2, SC3, and SC5 and these sites were 
corrected accordingly (ĉ ranged 1.29 – 5.36). Recapture rates generally varied among 
time periods and ranged 0.00 – 1.00 with lowest recaptures occurring in the spring 
(Figure 3-8). Mean stream recapture rates ranged ≈ 0.33 – 0.36 and were more variable 
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for Cache Creek. Additionally, recapture rates tended to increase as study time 
progressed. The mean (± SD) recapture rate for all estimated periods was 0.35 ± 0.26. 
  Six sites had more than one model with AIC < 2 (Table B-12), but likelihood 
ratio tests indicated the top model was always the best informed (Table B-13). Apparent 
survival rates were constant for RC2, RC4, SC2, SC3, and SC5, with model weights 
ranging 0.46 – 0.78 and likelihoods ranging 0.38 – 1.00 (Table 3-5). Constant (30-d) rates 
ranged 0.801 – 0.971 (Figure 3-9) that translated into cumulative end-of-study rates 
ranging 0.019 – 0.634. Survival rates were time-dependent for six sites: CC2, CC3, RC1, 
RC3, SC1, and SC4. No more than 20.3% of mussels were predicted to be alive at any 
variable-rate site by the end of the study. 
 Initial shell lengths of mussels affected apparent survival at a single site; RC2. 
The top model for RC2 {Φ (length) p (t); ΔQICc = 0.00; QICc weight = 0.78, model 
likelihood = 1.00} showed the relation between length and survival was nonlinear but 
generally positive (Figure 3-10), where mussels > 35 mm long were predicted to have ≈ 
90% probability of (30-d) survival. Post-hoc analysis showed initial shell length of PIT-
tagged mussels differed among sites (F12,2673 = 43.89; P = < 0.001), and mean RC2 
ranked second smallest of any site (Table B-14). Approximately 62% of mussels 
introduced at this site were smaller than 35 mm.  
Cumulative survival curves showed survival was > 80% after the first year for a 
single site (SC4) but this population was reduced after spring 2018. Survival at sites SC2, 
SC3, and SC5 was > 58% after the first year. Survival curves indicated periods of low 
survival occurred immediately after introduction and during spring (sampled May and 
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June). Three sites (CC2, RC1, RC3) had < 30% cumulative survival by the end of the 
first time period at large (Figure 3-11). Only 23% of mussels introduced in August 2016 
at CC2 were predicted to be alive by the following spring. Low initial survival was even 
more pronounced for RC1 immediately after introduction, where only 6% (≈ 15 mussels) 
remained by the time the next sample period began. A similar trend was seen for RC3, 
however, the time period for these mussels was summer to autumn in 2017, prior to their 
first winter. Mussels at CC2 were further reduced during spring 2017 by an additional 
17%, leaving an estimated 9 ± 3 mussels available for recapture in less than one year at 
large. A review of our recapture data showed no more than 6 individuals were found after 
July 2017. Shell Creek site SC1 also experienced mortality during spring 2017, when 
nearly half of the population was depleted. Furthermore, all variable-rate sites except 
CC2 experienced a reduction in survival probability during spring 2018, when compared 
to the time periods directly before and after. 
 The introduction-year, alone, did not have a predictable effect on apparent 
survival. Cache Creek survival was effectively zero after ≈ 400 days at large, regardless 
of the year mussels were introduced (Figure 3-12; A). Rose Creek sites RC2 and RC4 had 
the two highest cumulative survival rates at any point in time, despite being introduced in 
different years (Figure 3-12; B). Furthermore, introduction sites in Shell Creek during 
2017 exhibited the highest (SC5) and lowest (SC4) cumulative rates (Figure 3-12; C), 
compared to sites introduced in 2016 (SC1, SC2, SC3).  
Results from the among-streams comparison of apparent survival indicated 
streams played a predictable role in determining survival (Figure 3-13). All Shell Creek 
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sites had the highest cumulative rates (18.7 – 63.4%) at the end of the study. Rose Creek 
sites had higher cumulative rates (11.3 – 18.8%) compared to Cache Creek (1.2 – 3.4%), 
except RC1 (0.00). 
Predicted end-of-study abundances were within 5% of the observed number of 
PIT tagged mussels within the study sites for five of the 11 models, if we assume 
detected mussels that were not physically recaptured had not lost their tags. Abundance 
may have been overestimated up to 55% (Table 3-6; RC3 N = 31, sum of observed = 14) 
and underestimated by 45% (Table 3-6; SC1 N = 31, sum of observed = 45).  
Habitat and supplemental observations 
We obtained 3 – 6 discrete measurements over time of the chemical and hydraulic 
properties of each site that were qualitatively compared among sites, season, and years. 
Two abnormally high calcium measurements (680 and 710 ppm) were removed from the 
dataset because of a suspected instrument malfunction or data recording error. Results for 
sites are as follows: dissolved oxygen levels (Figure B-5) were typically at or above 5 
mg/L, however, mean values were below this point during spring 2018 for RC1 and RC3 
and an overall declining trend was evident for multiple seasons following introductions at 
these sites. The point of lowest DO for RC1 (spring 2018; 95% CI 2.6 – 3.9 mg/L) also 
coincided with mean ammonia above 0.47 ppm (Figure B-6). Ammonia above 0.47 was 
also measured in 2018 at RC1 and RC3 during autumn as well as during spring in RC4. 
Mean water temperature (Figure B-7) was highly variable among seasons and measured 
above 30 °C on more than one occasion at CC1 and CC4. Calcium levels (Figure B-8) 
appeared to decline over time in RC1; a trend not observed for other sites. Total ion 
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concentrations were measured below 0.4 mS/cm at all Cache Creek sites and above this 
value at sites on Rose and Shell Creeks (Figure B-9). The pH (Figure B-10) was not 
measured below 7.60 or above 9.65 in any site. Turbidity values (Figure B-11) were 
uncharacteristically low in RC1 compared to other sites in this stream. Mean water 
discharge (Figure B-12) decreased over time in all Rose Creek sites and our sampling did 
not detect seasonal variation after autumn 2017. Stream width (Figure B-13) remained 
relatively unchanged over time for most sites, but water depth (Figure B-14) fluctuated 
with seasonal changes.  
Habitat data collected for sites during the study were combined for each stream 
and totaled 16 – 25 measurements that were tested for differences among streams. 
Bonferroni tests indicated streams were distinct in their levels of turbidity and 
conductivity (Table 3-7). The mean (± SD) of [Ca+2] in Cache Creek was 63.66 ± 41.17 
ppm and lower than other streams. Cache Creek had lower water depth (21.30 ± 14.95 
cm), greater width (7.52 ± 2.59 m) and lower discharge (0.65 ± 0.49 m3/s) compared to 
Shell Creek (Table 3-8). Rose Creek had higher ammonia (0.27 ± 0.33 ppm), greater 
wetted width (7.31 ± 1.17 m), and lower discharge (0.63 ± 0.43 m3/s) compared to Shell 
Creek.  
Substrate composition measured at each site was not tested for differences, but 
our qualitative assessment of this variable among sites and streams suggested Cache 
Creek was predominantly sand (Figure B-15). Silt was prevalent in both Rose and Shell 
Creeks but highly variable among sites (e.g., RC1 = 91% vs. RC4 = 3%; Table 3-9). Shell 
Creek had greater quantities of sand and debris compared to Rose Creek. 
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 Supplemental observations (e.g., USGS discharge data, site disturbances, diel 
water temperature, dead and predated mussels, and movement between sites) were 
qualitatively assessed among sites and streams. The USGS gauges showed Shell Creek 
water discharge (Figure B-16) was the second highest of the study period (≈ 25 m3/s) on 
18 May 2017, and discharge values of similar magnitude were observed throughout 
spring and autumn this year. The pattern of seasonal pulses continued into 2018 until the 
stream flooded in early summer (26 June; ≈ 85 m3/s). Flooding in Rose Creek (Brad 
Seitz, NGPC, personal communication) occurred in mid-May 2017 (Figure B-17) and 
corresponded to about 280 m3/s in the Little Blue River, and this degree of discharge 
occurred again in early September 2018, though several smaller pulses ≈ 28 m3/s 
occurred throughout both sample years. The Elkhorn River, reference for Cache Creek, 
indicated water levels fluctuated to extremes numerous times throughout the seasons and 
study, and we personally observed evidence of water having been above the banks on 
several occasions. Cache Creek (Figure B-18) likely experienced stable flows after 
introductions at CC1 and CC2 (8 August 2016) until about February the following year 
but was highly variable after this, except for winter 2017-2018. 
Stream morphology of SC2 and SC4 notably changed over time from erosion 
throughout the study; portions of their banks collapsed and deposited new sediments and 
altered depths. Hydraulic changes occurred in RC1 after flooding had presumably created 
several newly-formed log jams that remained present throughout the study.  
Diel water temperature (Figure B-19) data indicated relatively high variability in 
Cache Creek (CC2) compared to either Rose or Shell Creeks, in some cases ranging 15 – 
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35 °C within 24 hours in May. Rose Creek (RC3) repeatedly exceeded 30 °C during 
spring and summer, a characteristic not observed by our discrete samples. Shell Creek 
appeared the least variable among streams during periods of comparable time and 
remained lower than 28 °C.  
We recaptured dead mussels at all sites except CC4 and this occurred most often 
during summer (Table 3-10). Dead mussels were rarely found at Cache or Shell Creeks; 
however, substantial predation was suspected in CC1 immediately after introduction 
(Bryan Sweet and Joe Cassidy, NGPC, personal communication) and prior to our 
sampling. A relatively large midden (n = 47) of shells was observed at RC3 in the 
summer of 2018. We observed evidence of depredation in sites RC2 and RC4 throughout 
the study.  
 Downstream movement was documented in all streams (Table B-15). Five live 
mussels were known to survive being transported at least 43 m in Rose Creek. Mussels 
from the furthest upstream site in Shell Creek (SC2) we also observed 58 m away at the 
next closest site (SC5) as well as 88 m downstream in SC1. Two mussels from SC3 were 
found in SC4 approximately 107 m away. The only movement observed in Cache Creek 
was five mussels that presumably washed out of CC4 into CC1; movement between CC2 
and CC3 was undetectable likely because these sites were more than three river-km away. 
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DISCUSSION 
Growth 
Effect of timing of introduction 
 The rate of shell growth for plain pocketbook was greater when mussels were 
introduced in June compared to August or September. Our qualitative assessment of the 
relation between growth and our measured habitat variables suggested seasonal water 
temperatures may explain the different patterns of growth. Many studies have shown the 
rate of shell growth is strongly influenced by water temperature (Downing et al. 1992; 
Hanlon and Neves 2006; Hua et al. 2016; Allard et al. 2017). Hanlon and Neves (2006) 
inferred cool water temperatures during March and September in Virginia were 
responsible for slow growth of juvenile L. fasciola. Our results show mussels introduced 
in August or September in our region have less than 60 days of suitable water 
temperatures to grow before shell deposition stops in autumn. Conversely, mussels 
introduced early in the growing season (e.g., June) have 90 – 120 days for potentially 
optimal growth conditions, and this may be an important factor for newly established 
mussels. Becoming larger, more quickly after introduction could be beneficial for 
mussels by helping them resist dislodgement during high flows or avoid being depredated 
by certain animals (Tyrrell and Hornbach 1998). The thermal effects on growth that we 
observed may become less noticeable over time as mussels go through multiple growing 
seasons, but effects could be sustained because of differences in resources among 
habitats.  
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Effect of habitat 
Growth was supported by each introduction site as indicated by our models and 
independent calculations, but the apparently lower growth rates we observed for Cache 
Creek sites may partially be explained by differences in calcium availability. Dissolved 
calcium is necessary for shell formation and repair (Byrne and McMahon 1991; Hoftyzer 
et al. 2008; Denic et al. 2015) but calcium requirements for adult mussels remains 
understudied (Strayer 2014). However, Strayer (2008) discusses soft water (i.e., low 
calcium carbonate concentration) may limit populations. Our results indicated mean 
calcium levels in Cache Creek were significantly less than either Rose or Shell Creeks 
and this may partially explain the lower daily growth rates we calculated.  
Survival 
Effect of size at introduction 
Our results indicate the size of an individual at introduction had little to no effect 
on subadult plain pocketbook survival. Several studies have shown survival can be 
increased for some species by imposing a minimum length for introduction. For example, 
Villella et al. (2004) recommends L. cariosa be > 55 mm, while Carey et al. (2015) 
suggests E. capsaeformis be at least 20 mm. However, we do not have sufficient evidence 
to suggest an adjustment to the current management strategy of introducing plain 
pocketbook ≥ 20 mm. The positive relationship between shell length and survival we saw 
for RC2 may have been influenced by the substrate and hydrodynamics of the site. 
Substrate at RC2 contained a greater amount of cobble and boulder compared to other 
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sites, and Haag (2012) notes large particle sizes can slow the burial process. This site was 
also uniquely characterized as a riffle habitat, and it is possible mussels experienced 
greater force from flow at the substrate surface. Thus, longer (i.e., heavier) mussels may 
have had an advantage at RC2 because they presumably sank to the bottom more quickly 
and could better resist displacement during the prolonged burial process. Recapture rates 
at RC2 were not atypical of other sites, but anecdotally, we found it difficult to perform a 
tactile search for mussels among the large boulders. Growth data showed no mussels < 35 
mm were ever recaptured, despite half the population being 20 – 35 mm at time of 
introduction; this situation may have further contributed to our results.  
Effect of habitat 
A single site had survival > 80% after the first year, and end-of-study survival 
varied widely within and among streams ranging from 0 – 63%. Hart et al. (2016) 
suggests regulatory agencies should be notified if survival does not exceed 80% after the 
first year because this could indicate the site is unsuitable. However, this outcome is not 
uncommon for introduced mussel populations (Cope and Waller 1995; Sarrazin and 
Legendre 2000; Teixeira et al. 2007). For example, Cope and Waller (1995) reviewed 37 
relocation and introduction studies conducted in North America and found survival was 
highly variable among projects and species, ranging from 0 – 100%. We could not 
determine if unrecovered mussels were truly dead or if they were unavailable, so true 
survival was likely greater than what we estimate. Our supplemental data on detections 
that included mussels we did not physically handle suggests up to 41 additional mussels 
may still be within certain sites (e.g. SC5; Table 3-6). However, several sites had very 
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few recaptures or even detections throughout the study, suggesting mussels were no 
longer within the study areas. Undetected mussels may have been buried deeper than the 
detectable range of our equipment, but recaptured mussels were generally found within 
the top ≈10 cm of substrate, making it unlikely that a portion of mussels had chosen to 
bury deeper and out of range for the entirety of the study. Not knowing the fate of every 
individual after introduction is common in biological studies, but our comprehensive 
investigation allowed us to make population-level inferences and determine the influence 
and relative importance of certain habitats and management decisions.  
Our survival models indicated mussels were most susceptible to mortality 
immediately following introduction and during May and June (i.e., spring), and our 
habitat data revealed what was or was not happening in the environments at those times. 
Thus, the qualitative investigation of the relation between our models and habitat data 
allowed us to determine what stressors or situations were impactful to mussels. We found 
survival was reduced by extreme temperature, poor water quality, and predators. 
Additionally, our evaluation of movement between introduction sites allowed us to infer 
low survival in some models was an artifact of mussels being displaced from the study 
area. Ultimately, we inferred (and describe below) three physical habitat characteristics 
that facilitated these outcomes: 1) unsupportive substrates, 2) shallow water, and 3) low 
flows.  
Burial and the ability to remain buried is a critical component of mussel life 
history because it facilitates proper orientation for sequestering nutrients and allows 
mussels to avoid abiotic and biotic stressors such as high flows, extreme temperatures, 
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and predators (Waller et al. 1999; Dunn et al. 2000). Several studies have been conducted 
to determine the relation between substrates and mussel distributions and have found 
excessively soft and hard sediments are limiting factors (e.g., Strayer and Ralley 1991; 
Strayer and Ralley 1993; Johnson and Brown 2000). However, Strayer (2008) 
emphasizes mussels do not respond to variables such as grain size, rather, they respond to 
the overall stability and supportiveness of the substrate that is typically a function of 
particle size, surface geology, and hydrology (Dunn et al. 2000). Supportive substrates 
are soft enough to allow burial but firm enough to support and anchor mussels, whereas 
stable substrates stay in place during floods and remain wetted during low flows (Strayer 
2008; Hart et al. 2016). Clay, hardpan, silt, and sand are neither supportive nor stable 
where they occur homogenously, and these conditions likely contributed to a large 
portion of mussels being entrained by flow and displaced from several sites. 
Mussels that cannot properly bury are susceptible to entrainment during high 
flows (Block et al. 2013). Displacement during high flows has been attributed to unstable 
and unsupportive substrates in previous studies (Imlay 1982; Sheehan et al. 1989; Layzer 
and Gordan 1993; Pullum 2015) and our results agree with these findings. We suspect 
high flows that occurred from February through May in 2017 dislodged many mussels 
from the sand before our initial sampling at CC2. Mussels at RC1 and RC3 were 
presumably transported away from the study area by high water events after introductions 
because mussels could not properly bury into substrates composed of hardpan overlain by 
silt. A similar silt and hardpan composition at SC1, coupled with high spring flows in 
2017 likely caused displacement of mussels and subsequent low survival in our models. 
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Observations of migrations further support our inferences about substrates and 
displacement (see Table B-15). 
 Mortality events were likely facilitated by a second habitat characteristic, shallow 
water, that increased mussels’ exposure to extreme temperatures and predators. Species-
specific thermal tolerances have not been widely studied, but in general, excessively 
warm temperatures can cause mortality events (Bartsch et al. 2000; Galbraith et al. 2010; 
Ganser et al. 2015) for mussels at all life stages. Galbraith et al. (2010) evaluated effects 
of climate patterns (e.g., drought) and water management practices (e.g., water draw-
downs) on mussel communities and reported shallow water contributed to thermal stress 
and mortality of mussels. Spooner and Vaughn (2008) observed adult plain pocketbook 
mussels experienced thermal stress between 25 and 35 °C, indicated by reduced oxygen 
consumption and assimilation rates. Fresh dead mussels found in CC3 shortly after 
release in July were intact (i.e., no indication of predation), thus we believe many mussels 
perished because they could not escape the > 30 °C water temperatures that were an 
artifact of extremely shallow water (mean ± SD = 20.1 ± 12.4 cm). Low survival at SC4 
after introduction was likely due to a combination of lower water depths (≈ 29 cm 
measured July 2017) and impermeable substrate that did not allow mussels to escape 
intolerable summer temperatures.  
Shallow water may also make it easier for certain predators, such as raccoons and 
muskrats, to find mussels (Hanson et al. 1989; Tyrrell and Hornbach 1998; Johnson et al. 
2001). Our results suggest predators had a devastating impact on mussel populations. For 
example, NGPC biologists that monitored initial settlement at CC1 (average depth ≈ 22 
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cm) indicated raccoons were a major threat; considering CC4 is spatially centered within 
CC1, we suspect these animals were the primary reason we could not find or even detect 
mussels at either site. Raccoon predation was substantial at RC2 and RC4, evident from 
the numerous shells with broken posterior ends found throughout the study areas. 
Average water depth was less than 0.6 m at both sites, and in some places, only a few 
centimeters deep. We did not see distinct mortality events in the survival models of RC2 
or RC4, but sustained predation throughout the study likely caused these sites to have low 
constant survival rates.  
 The third characteristic that led to increased risk of mortality was low flow that 
ultimately created poor water quality in terms of ammonia and dissolved oxygen values. 
Years of research has shown degraded water quality has negative impacts on mussel 
populations, and recently, toxicity studies have highlighted certain species’ acute 
sensitivity to ammonia (Augsperger 2003; Wang et al. 2007; Newton et al. 2003). Low 
dissolved oxygen also puts mussels at risk; Smith (2009) found plain pocketbook 
distribution in Nebraska was positively correlated to dissolved oxygen. Mussels can 
lower their metabolic function to reduce oxygen demands short-term (Chen et al. 2001; 
Ganser et al. 2015), but they may have difficulty coping with prolonged periods of 
hypoxic conditions (e.g., DO < 5 mg/L; Johnson et al. 2001; Gagnon et al. 2004; 
Galbraith et al. 2010). Our results indicated a suite of chemical changes occurred over 
time in RC1 after flooding in 2017 caused log-jams and obstructed flow. Most notably, 
dissolved oxygen fell below a supportive level and ammonia concentrations increased, 
killing the remaining mussels that had not been displaced from the site. Mean ammonia 
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above the lethal limit for plain pocketbook (0.47 ppm as derived from Augsperger 2003) 
also occurred in RC4, during spring 2018. This event (in addition to predation) may have 
further contributed to the lower [constant] survival rate at RC4, compared to other 
constant-rate sites.  
Overall success 
Introduction efforts in Cache Creek were not successful and this stream is 
unsuitable for further introductions with any species. The lack of heterogeneity in terms 
of water depth and substrate composition means there are likely few habitats that could 
provide protection from threats or facilitate effective monitoring. Two sites on Rose 
Creek had limited success and therefore the prognosis for further introductions is 
guarded. Habitats more conducive for survival and monitoring likely exist but finding 
these sites may require considerable effort as this stream is surrounded by densely 
wooded areas and generally steep banks. We predict Shell Creek could provide additional 
habitats with suitable substrates, depths, and flows beyond the study’s three most 
successful habitats (SC2, SC3, SC5) already identified. However, managers will need 
continued cooperation from landowners and should have a clear timeline established 
before new introductions occur if monitoring is planned.  
We observed gravid female mussels at select sites within each stream, suggesting 
certain populations have the ability to reproduce. This may further signify short-term 
success of the project, though we note observations are disproportionate among streams. 
The age of the mussels at time of first observation was 835-d old (age-2; Table A2-1; 
RC2) and younger than we expected. Reproducing populations could mean mussels were: 
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1) experiencing suitable abiotic conditions at those times, 2) successfully avoiding 
stressors, or 3) tolerant to stressors. These observations should be celebrated, but further 
monitoring will be necessary to determine recruitment and long-term viability of 
populations. Quantitative surveys for select sites to locate juveniles could begin as soon 
as spring 2020 if mussels were able to infect hosts and larval mussels successfully 
transformed and settled.  
Implications for management 
Our study determined several habitat characteristics that are not conducive for: 1) 
optimal growth or survival of mussels, or 2) effective monitoring. Although these 
outcomes were not ideal, they allowed us to understand the functional attributes of 
habitats that were impactful to mussels and ultimately the short-term success of 
introductions. We can now use this information to predict more appropriate habitats and 
execute introductions at more opportune times to enhance outcomes for future projects.  
Managers focused their habitat selection for plain pocketbook at a broad scale by 
identifying streams with historic relevance as well as host fish necessary for 
reproduction. However, our results imply the difference of a single variable (e.g., water 
depth) can vary greatly within a stream and have implications for mussel survival and 
growth. Therefore, we urge managers to refine their selection criteria by considering 
specific microhabitats (i.e., localized sites within streams) as unique entities that may or 
may not be appropriate for introductions. Conducting a site-specific habitat assessment 
prior to introduction will be a way to improve growth and survival and ultimately success 
of future projects. We note there were several instances where more than one undesirable 
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characteristic was present causing multiple stressors and compounding effects on 
populations. Likely, there were other stressors we did not measure that contributed to the 
growth and survival rates we observed. Thus, it is critical that future introductions 
attempt to mitigate the characteristics we described as a minimum next step, but there are 
additional management and research recommendations (Chapter 4) that may be 
warranted. The characteristics we discussed as being impactful for plain pocketbook are 
presumably influential for many, if not most, native mussel species. Therefore, our 
recommendations should increase success of projects for other species as well. 
Consistently higher cumulative survival in Shell Creek was related to more 
suitable substrates, depths, and flow conditions, but we have shown these variables can 
be dynamic throughout the year. We believe it is critical to evaluate site characteristics 
prior to introduction, and the most opportune time to conduct these preliminary 
assessments will be during the region’s driest and warmest months (i.e., extreme 
conditions).  
Assessment of candidate sites in this region should be conducted at the beginning 
of summer (e.g., mid-June in U.S.), specifically because water levels tend to decline 
during this time of year (see Figure B-16 to Figure B-18). Thus, managers will be able to 
physically measure microhabitats within a stream to determine areas that remain deep 
enough to buffer extreme temperatures and provide protection from predators. We did not 
see issues with temperature or [racoon] predation in sites that had a mean water depth > 
66 cm (≈ 2 feet), so managers may want to consider this as a threshold. However, it is 
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important to note we observed predation by muskrats in a site that averaged 82 cm deep, 
so depth selectivity may not deter all predators, though it should limit exposure. 
Poor water quality puts mussels, and other aquatic animals that mussels depend 
on (i.e., fishes), at risk for mortality. Current management considered the presence of 
existing mussel fauna a signal for good water quality, and in general, this appeared to be 
appropriate. However, measuring water quality variables at proposed sites prior to 
introductions would be a better management practice. The apparently critical variables in 
this study (e.g., water temperature, dissolved oxygen, ammonia) should be measured on 
warm, dry days during the summer because these variables are inter-dependent and 
would presumably be near extreme levels. The localized issues with water quality we 
documented (RC1, RC4) appeared to be sporadic or the result of unpredictable 
circumstances (e.g., log-jams), but managers should use this information to be conscious 
of and avoid habitats with obvious low flows or obstructions. The present study also 
raises some concerns about the significance of calcium availability for growth. Few 
native mussels and reduced study populations in Cache Creek may indicate that calcium 
is a limiting factor for some mussels, so sites with low calcium may not be ideal (see 
Chapter 4).   
Mussels generally need to be near the substrate surface or partially exposed 
throughout the growing season to obtain nutrients and fulfill life history needs, such as 
spawning (Watters et al. 2001). However, mussels also need to be fully buried during 
other times of the year and to avoid threats (Amyot and Downing 1997). Managers 
should physically evaluate the substrate throughout a proposed site to determine if a 
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range of particle sizes is available. Mixed substrates (i.e., not homogenously compacted 
or loose) should generally be conducive to meet behavioral needs (i.e., vertical migration) 
as well as prevent displacement; a necessary component for effective monitoring. 
We believe project success can be further augmented if managers plan for, and 
adhere to, introducing mussels at a specific time of year. The current management used 
an opportunistic approach that was based on availability of staff to tag, measure, and 
transport mussels to streams. Pullum (2015) suggested translocations in early summer 
would give mussels more time to acclimate and grow before winter, and our growth 
results support this line of reasoning. However, preliminary habitat assessments should 
occur during early summer, so we propose the ideal time for introduction would be 
shortly after these evaluations, preferably in July. Our study found no direct 
consequences for introducing plain pocketbook during this time, and managers now know 
how to choose habitats (e.g., avoid shallow water) that will reduce concerns about 
thermal stress and predators. Once habitats have been selected as suitable, managers can 
return to the site with mussels and there should be minimal need for adjustments and few 
problems with access. Summer introductions have the potential to optimize growth, while 
allowing mussels time to move to preferred locations within the habitat without increased 
risk of displacement from spring and autumn flow pulses. 
Our study used a comprehensive approach to understand the population dynamics 
and ecology of plain pocketbook. We used our results to inform the habitat selection and 
introduction processes. We are confident that mitigating concerns of unsupportive 
substrate, thermal intolerance, predator exposure, and poor water quality via improved 
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habitat selection will improve mussel growth and survival as well as our ability to 
monitor these animals. 
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Table 3-1. Descriptions of reintroduction sites for plain pocketbook freshwater mussels in Nebraska. Subadult mussels were 
uniquely tagged with either a Passive Integrated Transponder (PIT) tag or a vinyl shellfish (Hallprint) tag. 
Stream Site 
Latitude (°N),  
Longitude (°W) 
Site Length 
(m) 
Nearest site 
downstream Date of introduction No. of mussels introduced 
      PIT Hallprint Totals 
Cache Creek CC1 42.22025, -98.32003 1,200 ----- 8/25/2016 329 330 659 
 CC2 42.17688, -98.49670 400 CC3 8/25/2016 166 165 331 
 CC3 42.18234, -98.47575 120 CC1 6/15/2017 100 100 200 
 CC4 42.22228, -98.31847 80 CC1 6/15/2017 100 98 198 
         
Rose Creek RC1 40.06823, -97.25094 60 RC4 9/6/2016 244 250 494 
 RC2 40.07725, -97.22113 60 ----- 9/6/2016 244 245 489 
 RC3 40.06742, -97.25091 30 RC1 6/21/2017 254 249 503 
 RC4 40.07721, -97.22172 30 RC2 6/21/2017 250 249 499 
         
Shell Creek SC1 41.51595, -97.42769 30 SC3 9/23/2016 167 164 331 
 SC2 41.51500, -97.42693 40 SC5 9/23/2016 165 165 330 
 SC3 41.51913, -97.38996 40 SC4 9/23/2016 166 167 333 
 SC4 41.51938, -97.38818 30 ----- 6/15/2017 250 250 500 
 SC5 41.51561, -97.42777 30 SC1 6/15/2017 251 249 500 
Totals      2686 2681 5367 
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Table 3-2. Site- and stream-specific introductions and recaptures (parentheses) by date of plain pocketbook freshwater mussels in 
Nebraska. Data was used to construct von Bertalanffy growth curves comparing sites, streams, and introduction-years. Data is from 
uniquely-tagged individuals that maintained site fidelity. 
     2017 2018 
Stream Site 
Date 
introduced 
No. 
introduced 
No. of 
unique 
recaptures Spring Summer Fall Spring Summer Fall 
Cache Creek CC1 8/25/16 659 1 6/1 (1) 1 7/26 (0) 1 10/18 (0) 1 5/31 (0) 1 --- --- 
 CC2 8/25/16 331 27 5/15 (14) 1 7/25 (6) 1 --- 6/5 (5) 1 8/2 (2) 1 10/3 (5) 1 
 CC3 6/15/17 200 59 --- 7/20 (50) 1 10/17 (9) 1 5/31 (15) 1 7/31 (1) 1 10/3 (1) 1 
 CC4 6/15/16 198 12 --- 7/26 (9) 1 10/18 (1) 1 5/31 (3) 1 8/1 (1) 1 10/4 (0) 1 
Shell Creek SC1 9/23/16 331 115 5/9 (12) 3,4 7/11 (54) 9/8 (62) 4 6/7 (20) 3 7/24 (22) 9/18 (30) 
 SC2 9/23/16 330 152 5/12 (0) 3 7/12 (90) 9/13 (49) 4 --- 7/27 (35) 9/13 (65) 
 SC3 9/23/16 333 95 5/24 (0) 3 7/13 (36) 9/15 (38) 4 6/15 (15) 3 7/30 (19) 9/14 (30) 
 SC4 6/15/17 500 96 --- 7/21 (45) --- 6/15 (3) 3 7/26 (36) 9/28 (33) 
 SC5 6/15/17 500 222 --- 7/19 (60) --- 5/17 (42) 3 7/23 (72) 9/20 (157) 
Rose Creek RC1 9/6/16 494 11 6/20 (0) 2 7/14 (5) 2 9/20 (5) 2 5/15 (7) 2 7/6 (0) 2 9/25 (0) 2 
 RC2 9/6/16 498 42 6/6 (6) 2,4 7/18 (13) 2 9/22 (18) 2 5/14 (10) 2 7/3 (9) 2 10/5 (7) 2 
 RC3 6/21/17 503 68 --- 7/27 (24) 9/21 (30) 3,5 5/8 (7) 7/9 (20) 9/25 (4) 3 
 RC4 6/21/17 499 65 --- 7/27 (27) --- 5/11 (29) 7/5 (13) 9/27 (12) 3 
1  Insufficient data for comparison at any scale 
2 Insufficient data for site comparison models 
3 Removed from site comparison models 
4 Removed from introduction-year comparison models 
5 Removed from stream comparison models
91 
 
  
Table 3-3. Daily growth rate data for plain pocketbook summarized at spatial and 
temporal scales relating to the final von Bertalanffy growth curve analysis for among-
streams comparisons. After 1st winter column includes only individuals sampled in May 
2017 or 2018 in Nebraska following their initial introduction. 
Data 
After 
1st 
winter 
End 
of 
study n 
Mean daily 
growth rate 
(µm) SD 95% CI 
Rose and Shell 
Creeks 
introduced 2016 
X  18 101.99 46.37 78.93 125.05 
 X 132 124.73 15.04 122.14 127.32 
Rose Creek 
introduced 2017 
X  36 214.78 36.44 202.45 227.11 
 X 16 162.81 33.81 144.79 180.82 
Shell Creek 
introduced 2017 
X  42 126.35 48.81 111.15 141.56 
 X 190 133.49 18.54 130.83 136.14 
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Table 3-4. Summary of capture history for each site where plain pocketbook mussels were reintroduced in Nebraska and sampled 
during 2017 – 2018. Data are Passive Integrated Transponder (PIT) tagged individuals that maintained site fidelity. 
   Capture history containing i number of “sightings” (italics) and corresponding 
numbers of either: live and censored recaptures used for  
survival models, or total detections (parentheses)  
Stream Site 
No. of 
individuals 
introduced 
 
0 
 
1 
 
2 
 
3 
 
4 
 
5 
 
6 
          
          
Cache Creek CC1 329 327 (319) 2 (9) 0 (1) 0 (0) 0 (0) --- --- 
 CC2 166 147 (113) 13 (31) 2 (16) 3 (5) 0 (0) 1 (1) --- 
 CC3 100 55 (27) 32 (56) 9 (9) 3 (6) 1 (2) 0 (0) --- 
 CC4 100 90 (79) 9 (20) 0 (0) 1 (1) 0 (0) 0 (0) --- 
Rose Creek RC1 244 233 (232) 7 (5) 2 (1) 2 (3) 0 (2) 0 (1) 0 (0) 
 RC2 244 181 (138) 42 (41) 20 (22) 1 (13) 0 (12) 0 (10) 0 (8) 
 RC3 254 202 (82) 33 (67) 16 (51) 3 (48) 0 (4) 0 (2) --- 
 RC4 250 176 (70) 58 (83) 13 (47) 2 (37) 1 (13) --- --- 
Shell Creek SC1 167 87 (49) 35 (19) 22 (25) 17 (23) 5 (25) 1 (20) 0 (6) 
 SC2 165 63 (44) 47 (33) 35 (24) 13 (37) 7 (23) 0 (4) --- 
 SC3 166 87 (32) 53 (33) 16 (31) 5 (24) 4 (26) 1 (11) 0 (9) 
 SC4 250 180 (106) 53 (76) 16 (36) 1 (27) 0 (5) --- --- 
 SC5 251 107 (70) 80 (49) 43 (66) 21 (56) 0 (10) --- --- 
Totals  2686 1935 (1361) 464 (522) 194 (329) 72 (280) 18 (122) 3 (49) 0 (23) 
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Table 3-5. Top-model estimates from Cormack-Jolly-Seber models of plain pocketbook apparent survival (Φ) and recapture rates 
(p) as well as standard error (SE) and 95% confidence intervals. Thirty-day (30-d) survival rate estimates are listed first under 
column headings: Φ, p, SE, Lower 95%, and Upper 95%. The delta method was used to convert 30-d rates to daily rates. The 
cumulative daily survival rate for a given day-at-large (DAL) is listed second, in parentheses, under column headings: Φ, SE, 
Lower 95%, and Upper 95%. Reintroduced mussels were sampled during 2017 and 2018 in Nebraska. 
Stream Site Time period DAL Φ p SE Lower 95% Upper 95% 
Cache Creek CC2 1 263 0.844 (0.225)  0.041 (0.002) 0.745 (0.222) 0.909 (0.228) 
  2 334 0.557 (0.056)  0.126 (0.007) 0.316 (0.042) 0.774 (0.071) 
  3 649 0.953 (0.034)  0.033 (0.001) 0.827 (0.034) 0.988 (0.034) 
  4 707 1.000 (0.034)  0.000 (0.000) 1.000 (0.034) 1.000 (0.034) 
  5 769 1.000 (0.034)  0.000 (0.000) 1.000 (0.034) 1.000 (0.034) 
 CC2 1   0.375 0.171 0.125 0.715 
  2   0.643 0.205 0.238 0.912 
  3   0.800 0.179 0.309 0.973 
  4   0.400 0.219 0.100 0.800 
  5   1.000 0.000 1.000 1.000 
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Table 3-5. Continued. 
 
Stream Site Time period DAL Φ p SE Lower 95% Upper 95% 
Cache Creek CC3 1 35 0.673 (0.630)  0.088 (0.004) 0.484 (0.622) 0.819 (0.639) 
  2 124 0.686 (0.206)  0.055 (0.003) 0.570 (0.201) 0.782 (0.211) 
  3 350 1.000 (0.206)  0.000 (0.000) 1.000 (0.206) 1.000 (0.206) 
  4 411 0.394 (0.031)  0.135 (0.011) 0.177 (0.009) 0.663 (0.053) 
  5 475 0.801 (0.019)  0.333 (0.014) 0.063 (0.000) 0.996 (0.046) 
 
CC3 (.)   0.603 0.081 0.438 0.747 
Rose Creek RC1 1 287 0.742 (0.057)  0.036 (0.002) 0.665 (0.054) 0.805 (0.060) 
  2 311 1.000 (0.057)  0.000 (0.000) 1.000 (0.057) 1.000 (0.057) 
  3 379 1.000 (0.057)  0.000 (0.000) 1.000 (0.057) 1.000 (0.057) 
  4 616 1.000 (0.057)  0.000 (0.000) 1.000 (0.057) 1.000 (0.057) 
  5 668 0.000 (0.000)  0.000 (0.000) 0.000 (0.000) 0.000 (0.000) 
  6 749 0.000 (0.000)  0.000 (0.000) 0.000 (0.000) 0.000 (0.000) 
 RC1 (.)   0.322 0.133 0.126 0.610 
 RC2 1 273 0.917 (0.456)  0.011 (0.000) 0.892 (0.456) 0.937 (0.457) 
  2 315 0.917 (0.405)  0.011 (0.000) 0.892 (0.404) 0.937 (0.405) 
  3 381 0.917 (0.335)  0.011 (0.000) 0.892 (0.334) 0.937 (0.336) 
  4 615 0.917 (0.171)  0.011 (0.000) 0.892 (0.170) 0.937 (0.171) 
  5 665 0.917 (0.148)  0.011 (0.000) 0.892 (0.148) 0.937 (0.148) 
  6 759 0.917 (0.113)  0.011 (0.000) 0.892 (0.113) 0.937 (0.113) 
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Table 3-5. Continued. 
 
Stream Site Time period DAL Φ p SE Lower 95% Upper 95% 
Rose Creek RC2 1   0.055 0.027 0.020 0.138 
  2   0.340 0.070 0.218 0.487 
  3   0.284 0.083 0.151 0.468 
  4   0.333 0.123 0.144 0.597 
  5   0.327 0.136 0.126 0.621 
  6   0.370 0.170 0.123 0.709 
 RC3 1 36 0.360 (0.294)  0.048 (0.004) 0.272 (0.285) 0.460 (0.302) 
  2 92 1.000 (0.294)  0.000 (0.000) 1.000 (0.294) 1.000 (0.294) 
  3 321 1.000 (0.294)  0.000 (0.000) 1.000 (0.294) 1.000 (0.294) 
  4 383 0.657 (0.123)  0.061 (0.003) 0.529 (0.117) 0.765 (0.117) 
  5 461 1.000 (0.123)  0.000 (0.000) 1.000 (0.123) 1.000 (0.123) 
 RC3 1   0.228 0.057 0.136 0.357 
  2   0.255 0.060 0.155 0.389 
  3   0.094 0.036 0.043 0.191 
  4   0.900 0.055 0.732 0.967 
  5   1.000 0.000 1.000 1.000 
 RC4 1 36 0.897 (0.878)  0.013 (0.000) 0.868 (0.877) 0.921 (0.879) 
  2 324 0.897 (0.310)  0.013 (0.000) 0.868 (0.309) 0.921 (0.311) 
  3 379 0.897 (0.254)  0.013 (0.000) 0.868 (0.253) 0.921 (0.255) 
  4 463 0.897 (0.188)  0.013 (0.000) 0.868 (0.187) 0.921 (0.189) 
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Table 3-5. Continued. 
 
Stream Site Time period DAL Φ p SE Lower 95% Upper 95% 
 RC4 1   0.128 0.023 0.089 0.179 
  2   0.438 0.082 0.288 0.600 
  3   0.337 0.088 0.190 0.524 
  4   0.438 0.140 0.203 0.704 
Shell Creek SC1 1 228 1.000 (1.000)  0.000 (0.000) 0.000 (1.000) 1.000 (1.000) 
  2 291 0.723 (0.506)  0.032 (0.001) 0.657 (0.504) 0.781 (0.509) 
  3 350 1.000 (0.506)  0.000 (0.000) 1.000 (0.506) 1.000 (0.506) 
  4 622 0.959 (0.347)  0.024 (0.001) 0.874 (0.346) 0.988 (0.349) 
  5 678 0.775 (0.216)  0.114 (0.005) 0.490 (0.206) 0.925 (0.225) 
  6 725 0.913 (0.187)  22.136 (0.801) 0.000 (0.000) 1.000 (1.000) 
 SC1 1   0.048 0.017 0.024 0.093 
  2   0.461 0.059 0.349 0.577 
  3   0.627 0.062 0.501 0.738 
  4   0.276 0.083 0.144 0.462 
  5   0.417 0.101 0.241 0.617 
  6   0.769 29.276 0.000 1.000 
 SC2 1 231 0.963 (0.748)  0.005 (0.000) 0.951 (0.748) 0.972 (0.748) 
  2 292 0.963 (0.693)  0.005 (0.000) 0.951 (0.692) 0.972 (0.693) 
  3 355 0.963 (0.640)  0.005 (0.000) 0.951 (0.640) 0.972 (0.640) 
  4 672 0.963 (0.430)  0.005 (0.000) 0.951 (0.429) 0.972 (0.430) 
  5 720 0.963 (0.405)  0.005 (0.000) 0.951 (0.404) 0.972 (0.405) 
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Table 3-5. Continued.  
 
Stream Site Time period DAL Φ p SE Lower 95% Upper 95% 
Shell Creek SC2 1   0.000 0.000 0.000 0.026 
  2   0.552 0.057 0.440 0.658 
  3   0.306 0.053 0.214 0.418 
  4   0.401 0.074 0.268 0.550 
  5   0.882 0.092 0.570 0.977 
 SC3 1 243 0.957 (0.701)  0.010 (0.000) 0.933 (0.700) 0.973 (0.702) 
  2 293 0.957 (0.651)  0.010 (0.000) 0.933 (0.651) 0.973 (0.652) 
  3 357 0.957 (0.593)  0.010 (0.000) 0.933 (0.593) 0.973 (0.594) 
  4 630 0.957 (0.398)  0.010 (0.000) 0.933 (0.399) 0.973 (0.399) 
  5 675 0.957 (0.373)  0.010 (0.000) 0.933 (0.372) 0.973 (0.373) 
  6 721 0.957 (0.348)  0.010 (0.000) 0.933 (0.348) 0.973 (0.349) 
 SC3 1   0.000 0.000 0.000 0.170 
  2   0.293 0.069 0.178 0.443 
  3   0.372 0.085 0.225 0.547 
  4   0.203 0.085 0.083 0.416 
  5   0.309 0.110 0.140 0.551 
  6   0.505 0.151 0.238 0.769 
 SC4 1 36 0.860 (0.834)  0.237 (0.009) 0.114 (0.816) 0.997 (0.852) 
  2 365 1.000 (0.834)  0.000 (0.000) 0.000 (0.834) 1.000 (0.834) 
  3 406 0.415 (0.251)  0.119 (0.009) 0.214 (0.233) 0.649 (0.269) 
  4 470 0.905 (0.203)  0.000 (0.000) 0.905 (0.203) 0.905 (0.203) 
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Table 3-5. Continued. 
 
Stream Site Time period DAL Φ p SE Lower 95% Upper 95% 
Shell Creek SC4 1   0.144 0.053 0.067 0.282 
  2   0.020 0.012 0.006 0.063 
  3   0.480 0.100 0.296 0.669 
  4   0.512 0.000 0.512 0.512 
 SC5 1 34 0.971 (0.967)  0.015 (0.000) 0.924 (0.966) 0.989 (0.968) 
  2 336 0.971 (0.717)  0.015 (0.000) 0.924 (0.717) 0.989 (0.719) 
  3 403 0.971 (0.671)  0.015 (0.000) 0.924 (0.671) 0.989 (0.673) 
  4 462 0.971 (0.634)  0.015 (0.000) 0.924 (0.633) 0.989 (0.635) 
  1   0.186 0.058 0.097 0.327 
 SC5 2   0.173 0.070 0.074 0.353 
  3   0.278 0.093 0.135 0.489 
  4   0.666 0.161 0.326 0.891 
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Table 3-6. Predicted abundance (N) of Passive Integrated Transponder (PIT) tagged plain 
pocketbook within each study site, where N is calculated from end-of-study cumulative 
survival estimates (constructed from Cormack-Jolly-Seber models of mussels that 
maintained site fidelity) and multiplied by the number of mussels introduced. Numbers of 
individuals that were observed live, dead, or detected-only (e.g., tag detected but mussel 
not physically recaptured) at the end of the study are provided for contrast. 
 
    Observations during last survey 
Stream Site 
No. 
introduced N Live Dead Detected-only 
Cache Creek   CC1 1 329 --- 0 0 1 
 CC2 166 6 5 0 2 
 CC3 100 2 1 0 1 
   CC4 1 100 --- 0 0 0 
Rose Creek RC1 244 0 0 0 0 
 RC2 244 28 6 2 21 
 RC3 254 31 2 2 10 
 RC4 250 47 11 7 21 
Shell Creek SC1 167 31 23 0 22 
 SC2 165 67 58 0 24 
 SC3 166 58 26 0 30 
 SC4 250 51 25 0 31 
 SC5 251 159 113 0 41 
1 Apparent survival could not be estimated due to zero or low recaptures during the study. 
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Table 3-7. Chemical properties that were sampled seasonally 2017 – 2018 in streams where plain pocketbook mussels were 
introduced in Nebraska. 
Stream Statistic 
Dissolved 
oxygen 
(mg/L) 
Water 
temperature 
(°C) 
Turbidity 
(NTU) 
Conductivity at 
25°C 
(mS/cm) 
[Ca+2] 
(ppm) 
[NH3] 
(ppm) pH 
Cache 
Creek 
mean (SD) 8.02 (1.41) a 22.26 (7.15) 11.68 (3.7) a,b 0.262 (0.058) a,b 63.66 (41.17) a,b 0.21 (0.15) 8.42 (0.31) 
95% CI 7.33 – 8.70 18.81 – 25.71 9.82 – 13.55 0.231 – 0.293 43.82 – 83.51 0.14 – 0.29 8.27 – 8.57 
n 19 19 19 16 19 18 19 
Rose 
Creek 
mean (SD) 6.09 (1.24) a 22.39 (3.65) 97.49 (64.73) a,c 0.591 (0.066) a,c 169.83 (151.97) a 0.27 (0.33) c 8.34 (0.16) 
95% CI 5.53 – 6.65 20.73 – 24.05 68.03 – 126.96 0.559 – 0.623 100.66 – 239.00 0.11 – 0.43 8.27 – 8.41 
n 21 21 21 19 21 19 21 
Shell 
Creek 
mean (SD) 7.02 (1.11) 21.72 (4.00) 183.00 (80.85) b,c 0.637 (0.050) b,c 181.49 (137.97) b 0.10 (0.11) c 8.31 (0.33) 
95% CI 6.56 – 7.50 20.03 – 23.41 147.15 – 218.84 0.616 – 0.659 124.53 – 238.44 0.05 - 0.14 8.17 – 8.46 
n 25 24 22 24 25 23 23 
a,b,c Paired letters indicate a significant difference in means among streams tested for each variable (columns) with one-way 
ANOVA followed by a Bonferroni multiple comparisons test (α = 0.05)
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Table 3-8. Hydraulic properties that were sampled seasonally 2017 – 2018 in streams where plain pocketbook mussels were 
reintroduced in Nebraska. 
Stream Statistic 
Water depth 
(cm) 
Wetted width 
(m) 
Water discharge 
(m3/s) 
Cache Creek mean (SD) 21.30 (14.95) a,b 7.52 (2.59) b 0.65 (0.49) b 
range 14.09 – 28.50 6.27 – 8.77 0.41 – 0.88 
n 19 19 19 
Rose Creek mean (SD) 64.10 (30.30) a 7.31 (1.17) c 0.63 (0.43) c 
range 50.31 – 77.89 6.78 – 7.84 0.43 – 0.83 
n 21 21 21 
Shell Creek mean (SD) 79.40 (29.55) b 5.94 (0.78) b,c 1.13 (0.39) b,c 
range 67.20 – 91.60 5.61 – 6.26 0.97 – 1.29 
n 25 25 25 
a,b,c Paired letters indicate a significant difference in means among streams tested for each variable (columns) with one-way 
ANOVA followed by a Bonferroni multiple comparisons test (α = 0.05).
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Table 3-9. Substrate composition for each site where plain pocketbook mussels were introduced in Nebraska. The percentage of 
each particle was estimated at three points within the site during the first survey, either 2017 or 2018. Values in the table are means 
rounded to the nearest whole percent and totals may not add to 100. Debris included vegetation, wood, or metal. 
Stream Site Hardpan Clay Silt Sand Gravel Cobble Boulder Debris 
Cache Creek CC1 0 0 0 100 0 0 0 0 
 CC2 0 0 2 95 0 0 0 3 
 CC3 0 1 3 96 0 0 0 0 
 CC4 0 0 0 100 0 0 0 0 
Rose Creek RC1 7 0 91 0 2 0 0 0 
 RC2 0 0 15 45 20 13 7 0 
 RC3 15 0 72 7 0 0 0 6 
 RC4 0 0 3 30 57 3 3 3 
Shell Creek SC1 20 0 70 5 0 0 0 5 
 SC2 7 0 89 4 0 0 0 0 
 SC3 0 3 47 42 0 0 0 8 
 SC4 0 37 43 12 0 0 0 8 
 SC5 3 2 8 77 3 0 0 7 
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Table 3-10. Observed mortalities of uniquely tagged plain pocketbook individuals in Nebraska by site and season. Total by site (%) 
column is calculated by adding season counts and dividing by the number introduced in each site. Total by season (%) row is 
calculated by adding season columns and dividing by the number of dead for the study (N = 202). Data are for mussels that 
maintained site fidelity and were recaptured during surveys. 
   2017 2018 
Total by site 
(%) Stream Site 
No. 
introduced 
Spring Summer Fall Spring Summer Fall 
Cache Creek CC1 659 1 0 0 0 --- --- 0.15 
 CC2 331 0 1 --- 0 0 0 0.30 
 CC3 200 --- 9 0 1 0 0 5.00 
 CC4 198 --- 0 0 0 0 0 0.00 
Rose Creek RC1 494 1 0 0 3 4 0 1.62 
 RC2 498 0 21 5 2 7 3 7.63 
 RC3 503 --- 0 0 6 47 2 10.93 
 RC4 499 --- 14 --- 24 16 8 12.42 
Shell Creek SC1 331 0 0 0 0 0 1 0.30 
 SC2 330 0 0 0 --- 0 1 0.30 
 SC3 333 0 10 4 0 0 0 4.20 
 SC4 500 --- 9 --- 1 0 0 2.00 
 SC5 500 --- 1 --- 0 0 0 0.20 
Total by season (%)   1.00 32.18 4.46 18.32 36.63 7.43  
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Figure 3-1. Map of study sites where plain pocketbook freshwater mussels were 
introduced in Cache Creek in Nebraska and sampled 2017-2018. Site CC4 was spatially 
centered within site CC1.
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Figure 3-2. Map of study sites where plain pocketbook freshwater mussels were 
introduced in Shell Creek in Nebraska and sampled 2017-2018.
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Figure 3-3. Map of study sites where plain pocketbook freshwater mussels were 
introduced in Rose Creek in Nebraska and sampled 2017-2018. 
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Figure 3-4. Estimated von Bertalanffy growth curve of predicted length-at-time (solid 
line) with 95% confidence limits (dotted lines) for plain pocketbook introduced at Rose 
Creek sites RC1 and RC2 in 2016 in Nebraska. Points are length at time observations 
from 2017 – 2018. 
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Figure 3-5. Top model estimated von Bertalanffy growth curves of predicted length-at-
time (solid line) with 95% confidence limits (dotted lines) for plain pocketbook growth 
compared among sites introduced at: A) Shell Creek in 2016, B) Shell Creek in 2017, and 
C) Rose Creek in 2017. Points are length at time observations from 2017 – 2018. 
Analyses showed growth data from individual sites (e.g., SC1) did not differ and could be 
pooled with other sites stocked in the same stream and same year. 
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Figure 3-6. Top model estimated von Bertalanffy growth curves of predicted length-at-
time (solid line) with 95% confidence limits (dotted lines) for plain pocketbook growth 
compared among introduction years at: A) Rose Creek and B) Shell Creek. Points are 
length at time observations from 2017 – 2018. Analyses showed growth differed among 
introduction years (e.g., A[1] = 2016 and A[2] = 2017) and could not be pooled. The 
stream was a constant factor in these analyses.
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Figure 3-7. Top model estimated von Bertalanffy growth curves of predicted length-at-
time (solid line) with 95% confidence limits (dotted lines) for plain pocketbook growth 
compared among streams: A) introduced in 2016 and B) introduced in 2017. Points are 
length at time observations from 2017 – 2018.Analyses showed growth did not differ 
between streams for mussels introduced in 2016 (A), but did differ between streams for 
mussels introduced in 2017 (B[1] = Rose Creek and B[2] = Shell Creek).  The introduction-
year was a constant factor for these analyses. 
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Figure 3- 8. Box and whisker plots (points = outliers; whiskers = smallest or largest 
observations less than or equal to lower or upper hinge + 1.5 * IQR; box = 25 and 75% 
percentiles and median) of recapture rates of plain pocketbook among seasons (A), 
streams (B), and survey years (C) during 2017-2018 in Nebraska. 
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Figure 3-9. Apparent survival estimates from the top Cormack-Jolly-Seber models of 
each site where plain pocketbook was introduced. Mussels were recaptured during 2017 
and 2018 in Nebraska. Constant-rate sites were: RC2, RC4, SC2, SC3, SC5.
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Figure 3-10. Model (line) and 95% confidence limits (dashed lines) of the top model {Φ 
(length) p (t)} for RC2 showing the relation between initial-length and apparent survival. 
Estimates are for mussels with observed lengths ranging 21.84 – 50.64 mm and 62% of 
the 244 mussels introduced at this site were smaller than 35 mm.
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Figure 3-11. Among-site comparisons of cumulative survival curves of plain pocketbook. 
Points are sampling events; sampling occurred 2017 – 2018 in Nebraska streams. Stream 
and introduction-yea were constant for these analyses.
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Figure 3-12. Comparisons of cumulative survival curves of plain pocketbook among 
introduction-years for Cache Creek (A), Rose Creek (B), and Shell Creek (C). Points are 
sampling events; sampling occurred 2017 – 2018 in Nebraska. 
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Figure 3-13. Comparisons of cumulative survival curves of plain pocketbook among 
streams for mussels introduced in 2016 (A) and 2017 (B). Points are sampling events; 
sampling occurred 2017 – 2018 in Nebraska. 
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CHAPTER 4: MANAGEMENT AND RESEARCH RECOMMENDATIONS 
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CHAPTER 2 
Our handling experiment with plain pocketbook was beneficial for informing the 
management of this species in Nebraska, and results suggested planned monitoring could 
be implemented without negative impacts to mussels. However, studying a single species 
restricted our ability to understand why other mussels could be affected by handling, as 
described in other studies. One possibility is that morphological differences may increase 
certain species’ vulnerability to handling. Plain pocketbook is a thin-shelled and 
relatively light-weight (Haag et al. 1993; Waller et al. 1999) mussel and these attributes 
may be advantageous for this species after displacement by allowing them to re-orient, 
rebury, and resume normal activity faster than other species. Thick-shelled species that 
have greater shell-to-tissue-mass ratios may have to expend more effort and time to 
rebury themselves (Waller et al. 1999), potentially leading to reduced or negative growth 
for a period. Reburial may become more difficult for thick-shelled mussels as they grow, 
possibly causing larger, older mussels to postpone this activity or even fail to rebury at 
all. Mussels that do not achieve proper orientation may not be able to feed, respire, or 
excrete efficiently (Waller et al. 1999), and this could have implications for growth as 
well as survival.  
The varying degrees of tolerance to handling displayed among species suggests 
the best management practice is to prevent unnecessary stress. Therefore, we make two 
recommendations concerning: 1) ways to reduce handling stress, and 2) conducting pilot 
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studies to learn more about handling effects. Recommendations are intended to improve 
our understanding and management of mussels and would subsequently build our 
knowledge of the ways that anthropogenic activities can affect this taxon. 
Recommendations 
Reducing handling stress 
 Proper handling procedures during surveys will ensure biologists do not impart 
undo stress onto mussels. One of the most influential considerations is temperature 
because this affects burial activity. Hart et al. (2016) suggests water temperature should 
be around 20° C during surveys, generally April to November, but this may vary 
depending on region. The growing season we identified in Chapter 3 (May through 
October) should provide temperatures that meet this threshold in Nebraska. Biologists 
should also limit emersion time to 20 minutes (Hart et al. 2016) and this is especially 
important when temperature changes (e.g., from water to air) could be extreme. During 
emersion, biologists should limit mussels to direct sun exposure (i.e., provide shade), and 
afterwards, place them in flow through containers or bags while processing other 
mussels. However, best practice would be immediate return to the substrate. Lastly, 
mussels should be partially reinserted, anterior-end down into the substrate to help 
prevent displacement.   
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Conduct a pilot study with target species to determine responses to handling processes  
The goal of a pilot study is to evaluate how handling influences the target species 
by imposing handling procedures that are representative of the planned (main) study 
procedures. The pilot study should be designed to isolate the effect(s) of interest while 
controlling for extraneous variables, generally, this will require an in situ experiment. For 
example, if the main study requires in-stream marking processes, biologists may want to 
know how emersion time and temperature independently and collectively influence the 
response of concern (e.g., survival). Test mussels should be similar to those of the 
proposed main study in terms of age, size, and reproductive stage. Results from the pilot 
study should provide insight about the tolerances of the target species, and ultimately, 
how to facilitate proper handling procedures and analyses in the main study. 
Future research needs 
Handling studies are of great interest to biologists, given the current mussel crisis 
and increasing conservation projects. We highlight additional research opportunities 
below, that may expand our current knowledge on this subject.  
 
1) Physical and physiological differences - Conducting studies of mussels with 
opposing morphologies (e.g., thin vs. thick shells) and a range of life history 
stages (e.g., juvenile vs adult) could help determine if there are certain 
physical or physiological characteristics that predispose mussels to adverse 
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effects from handling. Similarly, we could investigate handling responses of 
mussels with similar life history strategies (e.g., fast growth, short lifespan). 
These studies could also help biologists understand stressors from natural 
disturbances as well. 
 
2) Effects of forceful dislodgement – Personal observation of dislodging a mussel 
from semi-compacted substrate during our mark-recapture study (Chapter 3) 
prompted us to consider the physiological changes this might invoke. In our 
experience, mussels were firmly anchored in these substrates and would 
require a relatively high amount of [pulling] force before they would 
relinquish their “grip”. We hypothesize this action could cause either: 1) tissue 
damage within the foot muscle, or 2) greater stress in mussels compared to 
mussels dislodged from less compacted substrate. We were unable to test this 
in our experiment (Chapter 2) and we believe it is an unexplored area of 
research that might shed light on the ways handling could influence mussels.  
Conclusions 
Biologists are commonly concerned with how their actions influence the animals 
they study. In the case of mussel research, handling is a necessary but potentially invasive 
action that is being applied to highly imperiled animals, and we believe the malacological 
community would benefit from more empirical studies on mussels regarding handling.  
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CHAPTER 3 
There are several stages to a mussel reintroduction project, including propagation, 
habitat selection, introduction, and [ideally] monitoring. Additionally, each step is further 
stratified by numerous decisions making the process dynamic and complex. Our 
comprehensive monitoring study indicated there were several decisions at the habitat 
selection and introduction stages that greatly influenced the success of new mussels. We 
advocate the need to consider multiple spatial scales during habitat selection and to adjust 
the timing and technique of introductions. We describe our recommendations in detail 
below and a framework is available in the conclusion section at the end of this chapter.    
Our study indicated plain pocketbook were responding to several abiotic and 
biotic threats (e.g., excessive temperatures, predators) that were specific to sites, 
however, these threats are not exclusive to our study sites or species. Thus, we believe 
recommendations will be applicable to a broad range of species. 
Recommendations 
Identify potentially suitable streams for introduction of target species 
 Candidate streams can continue to be identified as they have in the past, where 
streams should: 1) be geographically distributed across Nebraska yet remain within the 
species’ historic range, 2) have a native mussel assemblage to initially indicate good 
water quality, 3) provide fish hosts necessary for reproduction, and 4) be predicted to 
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have sustained flows into the future despite changing climate. Additionally, we urge 
managers to visually and physically assess each stream prior to introduction to determine 
if and where potentially suitability microhabitats (i.e., sites) exist.  
Conduct visual and physical assessments of microhabitats (i.e., sites) within each stream 
prior to introductions  
 Assessments should be conducted in early summer [mid-June in the U.S.] as the 
max diel air temperatures are increasing and water levels are decreasing. Specifically, 
managers should identify areas within the stream where water depth is > 0.6 m or ≈ 2 ft. 
Generally, we observed the best survival (Chapter 3) at habitats where buried mussels 
were barely within arm’s reach (roughly 2 ft.) or deeper, so shallow habitats should be 
avoided.  
Managers should randomly sample the substrate during the assessment to better 
understand its supportiveness. The substrate should not be homogenously compacted or 
loose, rather, a mixture of particle sizes (e.g., clay, silt, sand, gravel) in each handful 
sampled would be ideal. Silt is not always a deterrent, but large quantities should be 
avoided. Mussels will not be able to properly bury in compacted sediments so areas of 
impermeable substrate should be avoided.  
Habitat data beyond water depth and substrate composition should include water 
quality, minimally: water temperature, dissolved oxygen, and ammonia concentration 
because these were most impactful to plain pocketbook. Collect data in the afternoon 
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when temperatures are highest, and variables will be most extreme. Managers need to 
consult literature to better understand a target species’ tolerances to these variables or 
determine acceptable limits based on thresholds for other freshwater animals (e.g., 
fishes). Generally, deeper water will have some capacity to resist temperature extremes 
but additional habitat features, such as canopy cover, could indicate a site may be less 
thermally sensitive. Allard et al. (2017) suggests the loss [or absence] of riparian canopy 
can greatly influence water temperature, and this was a concern for growth as well as 
reproductive timing of some mussels. Calcium requirements as discussed in the previous 
chapter are not well described for mussels, so measuring calcium may also be warranted. 
However, if there is an apparently stable population of other mussel species limited 
calcium may be an unjustified concern.  
A visual determination of flow characteristics is needed during assessment. 
Generally, there is greater concern for low-flow or stagnant conditions, so managers will 
have to judge whether flows appear adequate. Obstructions (e.g., log-jams) may preclude 
unsuitable flow and water quality conditions in the future if not already apparent. These 
situations (e.g., low or obstructed flow) should be avoided. 
Lastly, the presence of native mussels can be helpful to identify predation 
pressure. Visual inspection of banks or nearby point bars could provide clues to the types 
of terrestrial predators in the area. Middens of predominantly intact shells could indicate 
muskrats, whereas shells with broken posterior ends might signal raccoons. A shell here 
or there would not be worrisome, but a gross number of shells in these states might mean 
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the site does not provide adequate protection from predators (water depth aside) and 
should be avoided.   
The reason we recommend these procedures for identifying habitat is because we 
want to avoid situations where managers choose specific sites within a stream solely on 
access. Though this component is important for monitoring purposes, the best habitat 
may not always coincide with easy entry. Furthermore, we want managers to have several 
options and use time efficiently when they get to the stream with mussels, so finding two 
or three proximate sites that meet the above specified criteria would be ideal. The goal is 
to avoid situations where mussels are introduced into less than ideal habitats because sites 
are not what managers had envisioned and there is no time to locate alternatives.  
Introduce mussels into pre-determined sites after initial assessment and only if still 
conducive 
 Managers need to know what environmental conditions (e.g., water depth and 
water quality) can be like during the extreme times of the year to ensure a population’s 
long-term viability. Managers should plan to introduce mussels shortly after preliminary 
assessments have identified two or three apparently suitable sites; this would preferably 
be during July in the U.S. Introducing mussels this time of year may seem 
counterintuitive because of the conditions (e.g., typically hot temperatures). However, 
with proper site-selection, planning, and care, mussels can be safely introduced and 
should have ample resources (i.e., nutrients), temperatures, and time to grow optimally 
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prior to the cessation period (Chapter 3). The activity of mussels is greatly influenced by 
temperature and mussels are more likely to bury at temperatures > 68 F (≈ 20 C) so 
summer temperatures should encourage burial behavior (Block et al. 2016). Managers 
should plan to complete an introduction in one stream per day; this ensures introduction 
occurs during the morning hours only. Upon arrival to the stream, we recommend wading 
into each site to re-check depths, substrates, water quality, and flows before introducing 
mussels. This highlights the importance of conducting thorough preliminary assessments, 
because at least one site needs to have maintained suitability to continue with 
introduction. If any of the parameters suggest they may become unsuitable, do not 
introduce mussels. For example, if water temperature is already near the a priori 
threshold in the morning, it would likely become intolerable during mid-day. This is 
important because mussels need time to bury before they are subjected to extreme 
conditions. We believe the tradeoff between lost time and travel cost of not introducing 
mussels would be less than the cost of losing a population due to unsuitable conditions. If 
conditions are deemed appropriate, mussels may be introduced, and it will be important 
to have a documented record of habitat data from this date so we can relate these 
variables to population responses in the future. 
 The caveat to consider regarding summer introductions is the reproductive guild 
and stage of mussels (Hart et al. 2016). Short-term brooders (tribes Quadralini, 
Pleuroblemini, Amblemini) spawn and release glochidia between late spring and summer 
(Graf and Ó Foighil 2000) and an introduction could interrupt the process if mussels are 
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reproductively active. Long-term brooders (tribes Lampsilini, Anodontini) spawn in late-
summer and release glochidia in spring, therefore, reproduction should not be affected 
(Hanlon and Neves 2006). Thus, we would recommend a slight shift for introductions to 
later in the season for short-term brooders.   
Introductions should be conducted before mid-morning (e.g., ≈ before 10:00 AM). 
This practice avoids exposing mussels to extreme temperature changes between transport 
water, air, and receiving water, but it also gives mussels several hours to acclimate and 
bury before water temperatures reach their maximum. We recommend hand-bedding 
mussels partially into the substrate following a review by Hart et al. (2016). Hand-
bedding individuals may substantially improve the retention of mussels to the [study] 
area, especially in sites with moderate to high current velocities. A good understanding of 
shell anatomy is needed to properly place mussels: siphons protrude on the posterior end 
and the foot extends from the anterior end. Thus, the anterior-end of the mussel can be 
gently inserted into the substrate (Bolden and Brown 2002; Peterson et al. 2011; Hart et 
al. 2016). This approach will also provide an opportunity to assess the substrate in that 
specific location and make the final decision on its supportiveness.   
Conduct a post-introduction survey within the first month 
 Our understanding of the causes of low survival at some sites (Chapter 3) could 
have been limited by delayed surveys following first introductions. The introduction 
period undeniably presents heightened risks associated with displacement and exposure, 
128 
 
  
thus monitoring immediately after introduction could help distinguish between the two. 
Recorded data should include the condition and shell length of mussels as well as the 
aforementioned habitat variables to better understand time-specific concerns regarding 
water quality and flow. Project objectives will determine survey method (e.g., qualitative 
or quantitative) and if additional surveys are needed. Some mussels may be more tolerant 
of short-term handling (Chapter 2) but it is best practice to limit emersion and processing 
time when possible (Waller et al. 1995; Cope et al. 2003; Negishi and Kayaba 2009).  
Future research needs 
The above recommendations reflect the most current knowledge we have about 
how habitat influences plain pocketbook, and likely, numerous other mussel species. 
Recommendations are intended to minimize the stressors affecting populations and 
improve monitoring capabilities. However, we made several observations during our 
mark-recapture study (Chapter 3) that suggested there may be additional research needs. 
The list below provides specific locations where applicable.  
 
1) Distribution of sites – The management decision to introduce plain  
  pocketbook into multiple sites within a stream helped to prevent loss of  
  the entire stream population. However, we currently do not have a good  
  understanding of the number and spatial arrangements of sites that   
  will promote long-term persistence of populations. Mussel aggregations  
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  are normally patchily distributed in rivers (Vaughn 1997), so it would be  
  beneficial to learn more about the minimum number of sites needed as  
  well as their proximity and location within a waterbody. 
 
2) Stocking density –There are currently no guidelines on the minimum  
  number of mussels to introduce or how concentrated the aggregation  
  should be to sustain a population. We did not calculate the density of plain 
  pocketbook at each site, but the range of site lengths and number of  
  introduced mussels suggests disparity in this component. Most sites  
  received fewer than 500 marked individuals and of these sites, several  
  experienced major losses prior to any documented recruitment. Our  
  recommendations aim to limit natural mortality, but it would be beneficial  
  to determine the density needed to withstand stochastic mortality events.   
 
3) Genetic diversity – Female plain pocketbook may produce several hundred 
  thousand glochidia (Bryan Sweet, personal communication) and the  
  survival of these larval mussels is generally greater in culture facilities  
  than in the wild. Thus, few brood are needed to acquire a large number of  
  mussels for introduction. The current practice is to use more than one  
  female for each cohort and a different source of brood each year, but it  
  is not known if this practice will prevent inbreeding or bottleneck   
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  concerns in the future. A better understanding of minimum brood could  
  improve the long-term viability of populations as they start  naturally  
  reproducing. 
 
4) Nutrient availability –  Clear water, few native mussels, and limited 
 canopy cover for allochthonous inputs at Cache Creek prompts the 
 concern that nutrient levels were insufficient. Haag (2013) suggests short-
 lived species, such as plain pocketbook, depend on high food availability 
 to sustain their faster growth. Strayer (2014) notes nutrient-poor 
 environments may not support mussels in terms of food or calcium. Future 
 introductions are not recommended in this stream but the nutrient 
 requirements of this species as well as nutrient quantities and qualities 
 available may be of interest for other proposed sites.                
 
5) Sediment ammonia – Studies have shown the ammonia concentrations in 
 sediment pore water may be substantially greater than those in the 
 overlying water (Frazier et al. 1996; Newton et al. 2003). Our 
 understanding of ammonia effects on plain pocketbook (Chapter 3) may 
 have been limited by measuring ammonia in overlying water only. It may 
 be beneficial to measure sediment ammonia during data collection to 
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 obtain a presumably more accurate description of the concentrations 
 buried mussels experience. 
 
6) Metal toxicity – Large quantities of metal exist in Shell Creek, 
 specifically, site three (SC3). Survival in this site was one of the highest, 
 but we predict prolonged exposure to these contaminants (i.e., dissolved 
 metal) could have implications for the long-term viability of mussels at 
 this site (Naimo 1995). However, this situation could present a unique 
 opportunity to conduct a toxicity study in the future. 
 
7) Cattle presence – Studies have shown cattle present a serious crushing 
 threat to mussel populations (Strayer et al. 2004) and considering Cache 
 Creek was the only stream where cattle entered sites, it is possible this 
 factor played into the failed introductions. Our study did not have 
 evidence to support this theory, but we presume it would be best practice 
 to avoid introduction where cattle are frequenting the site. 
 
8) Size at introduction – Chapter 3 discusses the current size threshold for 
 introduction (≥ 20 mm) remains appropriate, however, managers may  
 want to investigate the viability of introducing smaller mussels if 
 extensive monitoring is not planned. Other studies reported variable 
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 recapture and survival results after introducing smaller individuals (Carey 
 et al. 2015), but this approach could reduce costs associated with rearing 
 mussels to larger sizes (Sarrizan and Legendre 2000). 
Conclusions 
Improved habitat selection processes and appropriately timed introductions can 
minimize threats to mussels, optimize growth and survival, and increase retention to the 
study area. We urge managers to follow the framework of actions and considerations 
below, however, flexibility in scheduling and expenditures will also be required. We 
believe effective planning can help minimize costs, and costs may be outweighed in the 
long-term by increased success of introductions. 
 
INTRODUCTION FRAMEWORK 
1) Identify potentially suitable streams for introduction of target species 
 Considerations: 
• distribution 
       -historic range  
       -geographic separation 
• native mussels 
• host fish 
• flows 
       - perennial  
       - long-term despite climate change 
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2) Conduct visual and physical assessments of microhabitats (i.e., sites)  
  within each stream prior to introductions  
 Considerations: 
• conduct in summer 
• habitat data    
       - water depth 
       - substrate composition 
       - water quality and flow 
• predation pressure 
• accessibility 
• identify multiple sites 
3) Introduce mussels into pre-determined sites after initial assessment and  
  only if still conducive  
 Considerations: 
• one stream per day 
• habitat data 
• timing 
       - long term brooder: introduce July 
       - short term brooder: introduce late-August – mid-September 
• morning hours 
• partially hand-bed mussels 
 4) Conduct a post-introduction survey within the first month 
 Considerations: 
• mussel data 
• habitat data
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APPENDIX A 
 
Supplemental figures pertaining to Chapter 2. 
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Figure A-1. Photo by author showing configuration of twelve 10-gallon glass aquaria nested (six each) within two 140-gallon 
fiberglass Min-O-Cools®, in preparation for a laboratory experiment with plain pocketbook freshwater mussels in 2017. Aquaria 
were designed to be identical. 
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Figure A-2. Linear model (line), predicted 95% confidence limits (shaded gray), and 
Pearson’s product-moment correlation coefficient test results (upper left) for the 
relationship between plain pocketbook shell size metrics. Observations (n = 705) were 
recorded for 60 individuals from 3 July to 25 September 2017. 
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Figure A-3. Linear model (line), predicted 95% confidence limits (shaded gray), and 
Pearson’s product-moment correlation coefficient test results (upper left) for the 
relationship between plain pocketbook shell size metrics Observations (n = 705) were 
recorded for 60 individuals from 3 July to 25 September 2017. 
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Figure A-4. Linear model (line), predicted 95% confidence limits (shaded gray), and 
Pearson’s product-moment correlation coefficient test results (upper left) for the 
relationship between plain pocketbook shell size metrics. Observations (n = 705) were 
recorded for 60 individuals from 3 July to 25 September 2017. 
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Figure A-5. Linear model (line), predicted 95% confidence limits (shaded gray), and 
Pearson’s product-moment correlation coefficient test results (upper left) for the 
relationship between plain pocketbook shell size metrics. Observations (n = 645) were 
recorded for 60 individuals from 7 July to 25 September 2017. 
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Figure A-6. Linear model (line), predicted 95% confidence limits (shaded gray), and 
Pearson’s product-moment correlation coefficient test results (upper left) for the 
relationship between plain pocketbook shell size metrics. Observations (n = 645) were 
recorded for 60 individuals from 7 July to 25 September 2017. 
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Figure A-7. Linear model (line), predicted 95% confidence limits (shaded gray), and 
Pearson’s product-moment correlation coefficient test results (upper left) for the 
relationship between plain pocketbook shell size metrics. Observations (n = 645) were 
recorded for 60 individuals from 7 July to 25 September 2017. 
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Figure A-8. Dissolved oxygen concentration measured daily in 12 experimental units (10-gallon aquaria) that each contained five 
plain pocketbook mussels for an 85-d laboratory experiment in 2017. 
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Figure A-9. Ammonia concentrations measured weekly in 12 experimental units (10-gallon aquaria) that each contained five plain 
pocketbook mussels for an 85-d laboratory experiment in 2017. 
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Figure A-10. Water temperature measured daily in 12 experimental units (10-gallon aquaria) that each contained five plain 
pocketbook mussels for an 85-d laboratory experiment in 2017. 
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Figure A-11. Time lapse photos of plain pocketbook reburying into sand after being handled and replaced to the substrate surface 
of their 10-gallon aquarium on 31 July 2017 as part of an 85-day laboratory experiment. Pictured mussels were from an 
experimental group that was handled once per week beginning 3 July. Handling was defined as: dislodgement from substrate and 
short-term emersion to collect measurements. Photos by E. F. 
149 
 
  
 
 
 
 
 
 
APPENDIX B 
Supplemental tables and figures pertaining to Chapter 3. 
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Table B-1. Host fish presence and relative abundance (C/f) in number per minute for each stream where plain pocketbook were 
introduced in Nebraska. Streams were sampled during 2018, and total count of fish caught is shown in parentheses. Fish were 
collected by backpack and barge electrofishers.   
 
  C/f and (count) 
  Rose Creek Shell Creek Cache Creek 
Common name Genus, species June and July July July 
Black Bullhead Ameiurus melas 0.01  (1) ------------ 0.02  (1) 
   Bluegill  a Lepomis macrochirus 0.22  (22) 0.08  (4) ------------ 
Bluntnose Minnow Pimephales notatus 2.69  (269) ------------ ------------ 
Bullhead Minnow Pimephales vigilax 1.23  (123) ------------ ------------ 
Channel Catfish Ictalurus punctatus 0.14  (714) 0.14  (7) ------------ 
Common Carp Cyprinus carpio 0.07  (7) 0.08  (4) ------------ 
Creek Chub Semotilus atromaculatus ------------ 0.10  (5) 0.02  (1) 
Fathead Minnow Pimephales promelas 0.17  (17) 0.16  (8) ------------ 
Flathead Catfish Pylodictis olivaris ------------ 0.02  (1) ------------ 
 
 
  
1
5
1
 
Table B-1. Continued. 
 
  C/f  and (count) 
  Rose Creek Shell Creek Cache Creek 
Common name Genus, species June and July July July 
Grass Pickerel Esox americanus vermiculatus ------------ ------------ 0.06  (3) 
   Green Sunfish  a Lepomis cyanellus 0.02  (2) 0.08  (4) 3.60  (180) 
Johnny Darter Etheostoma nigrum 0.03  (3) ------------ ------------ 
Longnose Gar Lepisosteus osseus 0.04  (4) ------------ ------------ 
Orangethroat Darter Etheostoma spectabile 0.04  (4) ------------ ------------ 
Red Shiner Cyprinella lutrensis 3.85  (385) 0.36  (18) 0.18  (9) 
Sand Shiner Notropis stramineus 0.06  (6) 0.64  (32) 0.60  (30) 
Stonecat Noturus flavus 0.13  (13) ------------ 0.06  (3) 
Suckermouth Minnow Phenacobius mirabilis 0.84  (84) 0.06  (3) ------------ 
Tadpole Madtom Noturus gyrinus ------------ ------------ 0.28  (14) 
Yellow Bullhead Ameiurus natalis ------------ ------------ 0.70  (35) 
a Known host fish species for plain pocketbook freshwater mussels
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Table B-2. Observations of age-2 gravid female plain pocketbook by site, sample year, 
and season in Nebraska streams. The date is provided in parentheses for N > 0. 
  2017  2018 
Stream Site Fall  Spring Summer Fall 
Cache Creek CC1 0  0 ---- ---- 
 CC2 ----  0 0 4 (10/3) 
 CC3 0  0 0 0 
 CC4 0  0 0 0 
Rose Creek RC1 0  1 (5/15) 0 0 
 RC2 8 (9/22)  2 (5/14) 1 (7/3) 4 (10/5) 
 RC3 0  1 (5/8) 0 0 
 RC4 ----  1 (5/11) 1 (7/5) 5 (9/27) 
Shell Creek SC1 0  2 (6/7) 1 (7/24) 6 (9/18) 
 SC2 0  --- 0 10 (9/13) 
 SC3 0  1 (6/15) 2 (7/30) 7 (9/14) 
 SC4 ----  0 0 4 (9/28) 
 SC5 ----  0 0 50 (9/20) 
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Table B-3. Equations of the von Bertalanffy growth function used to compare plain 
pocketbook growth among introduction sites (e.g., RC1) in Nebraska. Shell length (L) 
data were collected from 2017 – 2018. Model parameters included: mean asymptotic 
length (L∞), Brody growth constant (K), and mean length at time zero (t0). Stream and 
year were constant factors in these analyses. Preliminary analyses indicated Rose Creek 
data should be pooled and Cache Creek data could not be included in modelling. 
Data Equations Description of model k 
Rose Creek sites RC1 
and RC2 introduced 
2016 
L(t) = 𝐿∞ (1 −𝑒
−𝐾(𝑡−𝑡0)) Common L∞, K and t0 3 
Shell Creek sites 
SC1, SC2, and SC2 
introduced 2016 
L(t) = {
𝐿∞[SC1] (1 −𝑒
−𝐾[SC1](𝑡−𝑡0[SC1]))
𝐿∞[SC2] (1 −𝑒
−𝐾[SC2](𝑡−𝑡0[SC2]))
𝐿∞[SC3] (1 – 𝑒
−𝐾[SC3](𝑡−𝑡0[SC3]))
 General 6 
L(t) = {
𝐿∞ (1 −𝑒
−𝐾[SC1](𝑡−𝑡0[SC1]))
𝐿∞ (1 −𝑒
−𝐾[SC2](𝑡−𝑡0[SC2]))
𝐿∞ (1 – 𝑒
−𝐾[SC3](𝑡−𝑡0[SC3]))
 Common L∞ 5 
L(t) = {
𝐿∞[SC1] (1 −𝑒
−𝐾(𝑡−𝑡0[SC1]))
𝐿∞[SC2] (1 −𝑒
−𝐾(𝑡−𝑡0[SC2]))
𝐿∞[SC3] (1 – 𝑒
−𝐾(𝑡−𝑡0[SC3]))
 Common K 5 
L(t) = {
𝐿∞[SC1] (1 −𝑒
−𝐾[SC1](𝑡−𝑡0))
𝐿∞[SC2] (1 −𝑒
−𝐾[SC2](𝑡−𝑡0))
𝐿∞[SC3] (1 – 𝑒
−𝐾[SC3](𝑡−𝑡0))
 Common t0 5 
L(t) = {
𝐿∞ (1 −𝑒
−𝐾(𝑡−𝑡0[SC1]))
𝐿∞ (1 −𝑒
−𝐾(𝑡−𝑡0[SC2]))
𝐿∞ (1 – 𝑒
−𝐾(𝑡−𝑡0[SC3]))
 Common L∞ and K 4 
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Table B-3. Continued. 
 
Data Equations Description of model k 
 
L(t) = {
𝐿∞ (1 −𝑒
−𝐾[SC1](𝑡−𝑡0))
𝐿∞ (1 −𝑒
−𝐾[SC2](𝑡−𝑡0))
𝐿∞ (1 – 𝑒
−𝐾[SC3](𝑡−𝑡0))
 Common L∞ and t0 4 
L(t) = {
𝐿∞[SC1] (1 −𝑒
−𝐾(𝑡−𝑡0))
𝐿∞[SC2] (1 −𝑒
−𝐾(𝑡−𝑡0))
𝐿∞[SC3] (1 – 𝑒
−𝐾(𝑡−𝑡0))
 Common K and t0 4 
L(t) = 𝐿∞ (1 −𝑒
−𝐾(𝑡−𝑡0)) Common L∞, K and t0 3 
Rose Creek sites 
RC3, and RC4 
introduced 2017 
L(t) = {
𝐿∞[RC3] (1 −𝑒
−𝐾[RC3](𝑡−𝑡0[RC3]))
𝐿∞[RC4] (1 −𝑒
−𝐾[RC4](𝑡−𝑡0[RC4]))
 General 6 
L(t) = {
𝐿∞ (1 −𝑒
−𝐾[RC3](𝑡−𝑡0[RC3]))
𝐿∞ (1 −𝑒
−𝐾[RC4](𝑡−𝑡0[RC4]))
 Common L∞ 5 
L(t) = {
𝐿∞[RC3] (1 −𝑒
−𝐾(𝑡−𝑡0[RC3]))
𝐿∞[RC4] (1 −𝑒
−𝐾(𝑡−𝑡0[RC4]))
 Common K 5 
L(t) = {
𝐿∞[RC3] (1 −𝑒
−𝐾[RC3](𝑡−𝑡0))
𝐿∞[RC4] (1 −𝑒
−𝐾[RC4](𝑡−𝑡0))
 Common t0 5 
L(t) = {
𝐿∞ (1 −𝑒
−𝐾(𝑡−𝑡0[RC3]))
𝐿∞ (1 −𝑒
−𝐾(𝑡−𝑡0[RC4]))
 Common L∞ and K 4 
L(t) = {
𝐿∞ (1 −𝑒
−𝐾[RC3](𝑡−𝑡0))
𝐿∞ (1 −𝑒
−𝐾[RC4](𝑡−𝑡0))
 Common L∞ and t0 4 
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Table B-3. Continued. 
 
Data Equations Description of model k 
 
L(t) = {
𝐿∞[RC3] (1 −𝑒
−𝐾(𝑡−𝑡0))
𝐿∞[RC4] (1 −𝑒
−𝐾(𝑡−𝑡0))
 Common K and t0 4 
L(t) = 𝐿∞ (1 −𝑒
−𝐾(𝑡−𝑡0)) Common L∞, K and t0 3 
Shell Creek sites 
SC4, and SC5 
introduced 2017 
L(t) = {
𝐿∞[SC4] (1 −𝑒
−𝐾[SC4](𝑡−𝑡0[SC4]))
𝐿∞[SC5] (1 −𝑒
−𝐾[SC5](𝑡−𝑡0[SC5]))
 General 6 
L(t) = {
𝐿∞ (1 −𝑒
−𝐾[SC4](𝑡−𝑡0[SC4]))
𝐿∞ (1 −𝑒
−𝐾[SC5](𝑡−𝑡0[SC5]))
 Common L∞ 5 
L(t) = {
𝐿∞[SC4] (1 −𝑒
−𝐾(𝑡−𝑡0[SC4]))
𝐿∞[SC5] (1 −𝑒
−𝐾(𝑡−𝑡0[SC5]))
 Common K 5 
L(t) = {
𝐿∞[SC4] (1 −𝑒
−𝐾[SC4](𝑡−𝑡0))
𝐿∞[SC5] (1 −𝑒
−𝐾[SC5](𝑡−𝑡0))
 Common t0 5 
L(t) = {
𝐿∞ (1 −𝑒
−𝐾(𝑡−𝑡0[SC4]))
𝐿∞ (1 −𝑒
−𝐾(𝑡−𝑡0[SC5]))
 Common L∞ and K 4 
L(t) = {
𝐿∞ (1 −𝑒
−𝐾[SC4](𝑡−𝑡0))
𝐿∞ (1 −𝑒
−𝐾[SC5](𝑡−𝑡0))
 Common L∞ and t0 4 
L(t) = {
𝐿∞[SC4] (1 −𝑒
−𝐾(𝑡−𝑡0))
𝐿∞[SC5] (1 −𝑒
−𝐾(𝑡−𝑡0))
 Common K and t0 4 
L(t) = 𝐿∞ (1 −𝑒
−𝐾(𝑡−𝑡0)) Common L∞, K and t0 3 
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Table B-4. Equations of the von Bertalanffy growth function used to compare plain 
pocketbook growth among introduction years (e.g., 2016, 2017) in Nebraska. Shell length 
(L) data were collected from 2017 – 2018. Model parameters included: mean asymptotic 
length (L∞), Brody growth constant (K), and mean length at time zero (t0).  Stream was a 
constant factor in these analyses. Preliminary analyses showed Cache Creek could not be 
included in modelling. 
Data Equations Description of model k 
Rose Creek 
introduced 
2016 and 
2017 
L(t) = {
𝐿∞[Rose16] (1 −𝑒
−𝐾[Rose16](𝑡−𝑡0[Rose16]))
𝐿∞[Rose17] (1 −𝑒
−𝐾[Rose17](𝑡−𝑡0[Rose17]))
        General 6 
L(t) = {
𝐿∞ (1 −𝑒
−𝐾[Rose16](𝑡−𝑡0[Rose16]))
𝐿∞ (1 −𝑒
−𝐾[Rose17](𝑡−𝑡0[Rose17]))
                  Common L∞ 5 
L(t) = {
𝐿∞[Rose16] (1 −𝑒
−𝐾(𝑡−𝑡0[Rose16]))
𝐿∞[Rose17] (1 −𝑒
−𝐾(𝑡−𝑡0[Rose17]))
 Common K 5 
L(t) = {
𝐿∞[Rose16] (1 −𝑒
−𝐾[Rose16](𝑡−𝑡0))
𝐿∞[Rose17] (1 −𝑒
−𝐾[Rose17](𝑡−𝑡0))
                Common t0 5 
L(t) = {
𝐿∞ (1 −𝑒
−𝐾(𝑡−𝑡0[Rose16]))
𝐿∞ (1 −𝑒
−𝐾(𝑡−𝑡0[Rose17]))
        Common L∞ and K 4 
L(t) = {
𝐿∞ (1 −𝑒
−𝐾[Rose16](𝑡−𝑡0))
𝐿∞ (1 −𝑒
−𝐾[Rose17](𝑡−𝑡0))
        Common L∞ and t0 4 
L(t) = {
𝐿∞[Rose16] (1 −𝑒
−𝐾(𝑡−𝑡0))
𝐿∞[Rose17] (1 −𝑒
−𝐾(𝑡−𝑡0))
        Common K and t0 4 
L(t) = 𝐿∞ (1 −𝑒
−𝐾(𝑡−𝑡0))                                                Common L∞, K and t0 3 
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Table B-4. Continued. 
 
Data Equations Description of model k 
Shell Creek 
introduced 
2016 and 
2017 
L(t) = {
𝐿∞[Shell16] (1 −𝑒
−𝐾[Shell16](𝑡−𝑡0[Shell16]))
𝐿∞[Shell17] (1 −𝑒
−𝐾[Shell17](𝑡−𝑡0[Shell17]))
        General 6 
L(t) = {
𝐿∞ (1 −𝑒
−𝐾[Shell16](𝑡−𝑡0[Shell16]))
𝐿∞ (1 −𝑒
−𝐾[Shell17](𝑡−𝑡0[Shell17]))
                  Common L∞ 5 
L(t) = {
𝐿∞[Shell16] (1 −𝑒
−𝐾(𝑡−𝑡0[Shell16]))
𝐿∞[Shell17] (1 −𝑒
−𝐾(𝑡−𝑡0[Shell17]))
 Common K 5 
L(t) = {
𝐿∞[Shell16] (1 −𝑒
−𝐾[Shell16](𝑡−𝑡0))
𝐿∞[Shell17] (1 −𝑒
−𝐾[Shell17](𝑡−𝑡0))
                Common t0 5 
L(t) = {
𝐿∞ (1 −𝑒
−𝐾(𝑡−𝑡0[Shell16]))
𝐿∞ (1 −𝑒
−𝐾(𝑡−𝑡0[Shell17]))
        Common L∞ and K 4 
L(t) = {
𝐿∞ (1 −𝑒
−𝐾[Shell16](𝑡−𝑡0))
𝐿∞ (1 −𝑒
−𝐾[Shell17](𝑡−𝑡0))
        Common L∞ and t0 4 
L(t) = {
𝐿∞[Shell16] (1 −𝑒
−𝐾(𝑡−𝑡0))
𝐿∞[Shell17] (1 −𝑒
−𝐾(𝑡−𝑡0))
        Common K and t0 4 
L(t) = 𝐿∞ (1 −𝑒
−𝐾(𝑡−𝑡0)) Common L∞, K and t0 3 
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Table B-5. Equations of the von Bertalanffy growth function used to compare plain 
pocketbook growth among reintroduction years (e.g., 2016, 2017) in Nebraska. Shell 
length (L) data were collected from 2017 – 2018. Model parameters included: mean 
asymptotic length (L∞), Brody growth constant (K), and mean length at time zero (t0). 
Year was a constant factor in these analyses. Preliminary analyses showed Cache Creek 
could not be included in modelling. 
Data Equations Description of model k 
Rose Creek 
and Shell 
Creek 
introduced 
2016 
L(t) = {
𝐿∞[Rose16] (1 −𝑒
−𝐾[Rose16](𝑡−𝑡0[Rose16]))
𝐿∞[Shell16] (1 −𝑒
−𝐾[Shell16](𝑡−𝑡0[Shell16]))
        
General 6 
 L(t) = {
𝐿∞ (1 −𝑒
−𝐾[Rose16](𝑡−𝑡0[Rose16]))
𝐿∞ (1 −𝑒
−𝐾[Shell16](𝑡−𝑡0[Shell16]))
                  Common L∞ 5 
 L(t) = {
𝐿∞[Rose16] (1 −𝑒
−𝐾(𝑡−𝑡0[Rose16]))
𝐿∞[Shell16] (1 −𝑒
−𝐾(𝑡−𝑡0[Shell16]))
 Common K 5 
 L(t) = {
𝐿∞[Rose16] (1 −𝑒
−𝐾[Rose16](𝑡−𝑡0))
𝐿∞[Shell16] (1 −𝑒
−𝐾[Shell16](𝑡−𝑡0))
                Common t0 5 
 L(t) = {
𝐿∞ (1 −𝑒
−𝐾(𝑡−𝑡0[Rose16]))
𝐿∞ (1 −𝑒
−𝐾(𝑡−𝑡0[Shell16]))
        Common L∞ and K 4 
 L(t) = {
𝐿∞ (1 −𝑒
−𝐾[Rose16](𝑡−𝑡0))
𝐿∞ (1 −𝑒
−𝐾[Shell16](𝑡−𝑡0))
        Common L∞ and t0 4 
 L(t) = {
𝐿∞[Rose16] (1 −𝑒
−𝐾(𝑡−𝑡0))
𝐿∞[Shell16] (1 −𝑒
−𝐾(𝑡−𝑡0))
        Common K and t0 4 
 L(t) = 𝐿∞ (1 −𝑒
−𝐾(𝑡−𝑡0))                                                Common L∞, K and t0 3 
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Table B-5. Continued. 
 
Data Equations Description of model k 
Rose Creek 
and Shell 
Creek 
introduced 
2017 
L(t) = {
𝐿∞[Rose17] (1 −𝑒
−𝐾[Rose17](𝑡−𝑡0[Rose17]))
𝐿∞[Shell17] (1 −𝑒
−𝐾[Shell17](𝑡−𝑡0[Shell17]))
    
General 
0 
 
L(t) = {
𝐿∞ (1 −𝑒
−𝐾[Rose17](𝑡−𝑡0[Rose17]))
𝐿∞ (1 −𝑒
−𝐾[Shell17](𝑡−𝑡0[Shell17]))
                  Common L∞ 
1 
 
L(t) = {
𝐿∞[Rose17] (1 −𝑒
−𝐾(𝑡−𝑡0[Rose17]))
𝐿∞[Shell17] (1 −𝑒
−𝐾(𝑡−𝑡0[Shell17]))
 Common K 
1 
 
L(t) = {
𝐿∞[Rose17] (1 −𝑒
−𝐾[Rose17](𝑡−𝑡0))
𝐿∞[Shell17] (1 −𝑒
−𝐾[Shell17](𝑡−𝑡0))
                Common t0 
1 
 
L(t) = {
𝐿∞ (1 −𝑒
−𝐾(𝑡−𝑡0[Rose17]))
𝐿∞ (1 −𝑒
−𝐾(𝑡−𝑡0[Shell17]))
        Common L∞ and K 
2 
 
L(t) = {
𝐿∞ (1 −𝑒
−𝐾[Rose17](𝑡−𝑡0))
𝐿∞ (1 −𝑒
−𝐾[Shell17](𝑡−𝑡0))
        Common L∞ and t0 
2 
 
L(t) = {
𝐿∞[Rose17] (1 −𝑒
−𝐾(𝑡−𝑡0))
𝐿∞[Shell17] (1 −𝑒
−𝐾(𝑡−𝑡0))
        Common K and t0 
2 
 L(t) = 𝐿∞ (1 −𝑒
−𝐾(𝑡−𝑡0))                                                Common L∞, K and t0 
3 
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Table B-6. Candidate von Bertalanffy growth function models comparing plain pocketbook growth among introduction sites in 
Nebraska. Shell length (L) data were collected from 2017 – 2018. Model parameters included: mean asymptotic length (L∞), Brody 
growth constant (K), and mean length at time zero (t0). Stream and introduction-year were constant factors in these analyses. 
Preliminary analyses indicated Rose Creek data should be pooled and Cache Creek data could not be included in modelling. Model 
numbers in bold indicate those models were chosen as the top models. 
Data Model Model descriptions AIC ΔAIC 
95% CI 
L∞ K t0 
RC1 and RC2 1 Common L∞, K, and t0 893.61 0.00 86.21 – 119.65 0.39 – 0.96 -0.79 – -0.44 
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Table B-6. Continued. 
 
Data Model Model description AIC ΔAIC 
95% CI 
L∞ K t0 
SC1 1 Separate L∞, K, and t0 5566.71 7.26 89.17 – 103.68 0.56 – 0.86 -0.60 – -0.42 
SC2     93.44 – 106.69 0.54 – 0.77 -0.62 – -0.46 
SC3     90.79 – 104.17 0.62 – 0.97 -0.64 – -0.42 
 2 Common L∞ 5563.31 3.86 94.30 – 102.20 0.60 – 0.75 -0.59 – -0.47 
      0.61 – 0.77 -0.58 – -0.46 
      0.67 – 0.88 -0.61 – -0.46 
 3 Common K 5564.49 5.04 92.37 – 101.06 0.62 – 0.78 -0.57 – -0.46 
     93.52 – 101.62  -0.57 – -0.46 
     96.98 – 105.53  -0.64 – -0.52 
 4 Common t0 5562.95 3.50 91.98 – 102.96 0.59 – 0.78 -0.58 – -0.48 
     94.33 – 103.85 0.59 – 0.76  
     93.16 – 102.25 0.69 – 0.89  
 5 Common L∞ and K 5574.25 14.8 95.41 – 103.87 0.60 – 0.75 -0.57 – -0.46 
       -0.57 – -0.47 
       -0.70 –  -0.58 
 6 Common L∞ and t0 5559.45 0.00 94.33 – 102.10 0.60 – 0.75 -0.58 –  -0.48 
      0.61 – 0.76  
      0.69 – 0.87  
 7 Common K, and t0 5570.64 11.19 92.05 – 100.27 0.62 – 0.78 -0.58 –  -0.48 
     92.90 – 100.86   
     98.93 – 107.57   
 8 Common L∞, K, and t0 5652.16 92.71 94.64 – 103.37 0.60 – 0.77 -0.60 – -0.49 
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Table B-6. Continued. 
 
Data  Model Model description AIC ΔAIC 
95% CI 
L∞ K t0 
RC3 1 Separate L∞, K, and t0 1718.74 1.56 69.15 – 76.22 2.15 – 4.73 0.30 – 0.48 
RC4     70.52 – 77.09 2.39 – 4.71 0.36 – 0.49 
 2 Common L∞ 1720.53 3.35 70.91 – 75.69 2.24 – 4.34 0.30 – 0.47 
      2.65 – 4.73 0.37 – 0.49 
 3 Common K 1718.55 1.37 69.59 – 75.57 2.639 – 4.36 0.33 – 0.45 
     71.05 – 76.78  0.37 – 0.48 
 4 Common t0 1718.96 1.78 69.17 – 75.39 2.79 – 4.69 0.36 – 0.46 
     71.13 – 77.54 2.44 – 4.14 0.34 – 0.46 
 5 Common L∞ and K 1717.18 0.00 70.92 – 75.70 2.67 – 4.38 0.37 – 0.47 
        
 6 Common L∞ and t0 1718.02 0.84 70.93 – 75.73 2.76 – 4.60 0.36 – 0.47 
      2.58 – 4.24  
 7 Common K, and t0 1720.73 2.71 71.13 – 76.70 2.64 – 4.37 0.36 – 0.46 
     70.27 – 75.50   
  8 Common L∞, K, and t0 1719.45 2.27 70.92 – 75.76 2.63 – 4.36 0.35 – 0.46 
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Table B-6. Continued. 
 
Data Model Model description AIC ΔAIC 
95% CI 
L∞ K t0 
SC4 1 Separate L∞, K, and t0 4773.86 2.72 76.37 – 85.07 1.02 – 2.12 -0.01 –  0.28 
SC5     78.61 – 90.09 0.79 –  1.57 -0.07 – 0.21 
 2 Common L∞ 4772.75 1.61 79.01 – 86.08 1.01 – 1.74 -0.04 –  0.20 
      1.00 – 1.63 0.02 – 0.21 
 3 Common K 4773.02 1.88 78.91 – 86.71 1.01 –  1.65 -0.05 –  0.17 
     78.83 – 86.05  0.02 – 0.21 
 4 Common t0 4772.20 1.06 77.97 – 85.37 1.10 – 1.79 -0.00 –  0.20 
     79.20 – 87.29 0.95 – 1.58  
 5 Common L∞ and K 4771.14 0.00 78.97 – 86.15 1.01 – 1.65 -0.05 – 0.17 
       0.02 – 0.21 
 6 Common L∞ and t0 4771.23 0.09 79.00 –  85.76 1.11 – 1.79 0.02 – 0.20 
      1.01 – 1.62  
 7 Common K, and t0 4779.99 8.85 80.46 –  88.24 1.03 –  1.67 0.01 – 0.20 
     78.35 – 85.18   
  8 Common L∞, K, and t0 4788.67 17.53 78.50 – 84.58 1.11 – 1.76 0.04 – 0.22 
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Table B-7. Candidate von Bertalanffy growth function models comparing plain pocketbook growth among introduction years in 
Nebraska. Shell length (L) data were collected from 2017 – 2018. Model parameters included: mean asymptotic length (L∞), Brody 
growth constant (K), and mean length at time zero (t0). Stream was the constant factor in these analyses. Model numbers in bold 
indicate those models were chosen as the top models. 
Data Model Model description AIC ΔAIC 
95% CI 
L∞ K t0 
Rose Creek 1 Separate L∞, K, and t0 2910.79 0.00 83.05 – 110.68 0.46 – 1.15 -0.72 – -0.39 
introduced 2016     74.92 – 79.79 2.30 – 3.52 0.33 – 0.43 
and 2017 2 Common L∞ 2927.56 16.77 78.09 – 83.84 1.18 – 1.87 -0.44 – -0.26 
      1.79 – 2.70 0.27 – 0.38 
 3 Common K 2940.00 29.21 76.60 – 82.69 1.48 – 2.27 -0.34 – -0.21 
     78.89 – 86.29  0.20 – 0.33 
 4 Common t0 3008.71 97.92 77.46 – 90.63 0.90 – 1.95 -0.46 – -0.22 
     104.59 – 155.83 0.28 – 0.58  
 5 Common L∞ and K 2942.48 31.69 77.59 – 83.15 1.61 – 2.43 -0.30 – -0.19 
       0.21 – 0.34 
 6 Common L∞ and t0 3054.76 143.97 93.66 – 133.48 0.36 – 0.89 -0.66 – -0.36 
      0.30 – 0.62  
 7 Common K, and t0 3072.89 162.10 107.86 – 251.89 0.10 – 0.43 -0.96 – -0.55 
     91.41 – 217.30   
  8 Common L∞, K, and t0 2150.26 239.47 -153.14 – 792.10 -0.08 – 0.29 -1.35 – -0.65 
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Table B-7. Continued. 
 
Data Model Model description AIC ΔAIC 
95% CI 
L∞ K t0 
Shell Creek 1 Separate L∞, K, and t0 10160.21 3.08 97.68 – 115.41 0.43 – 0.65 -0.75 – -0.56 
introduced 2016     86.57 – 116.70 0.36 – 0.83 -0.45 – -0.08 
and 2017 2 Common L∞ 10158.43 1.30 97.98 – 113.43 0.45 – 0.65 -0.74 – -0.56 
      0.44 – 0.64 -0.40 – -0.22 
 3 Common K 10158.36 1.23 98.11 – 113.54 0.45 – 0.65 -0.74 – -0.57 
     97.05 – 112.80  -0.39 – -0.21 
 4 Common t0 10165.85 8.72 96.30 – 111.31 0.47 – 0.69 -0.71 – -0.54 
     127.78 – 175.95 0.19 – 0.33  
 5 Common L∞ and K 10157.13 0.00 98.03 – 113.77 0.44 – 0.64 -0.75 – -0.58 
       -0.39 – -0.21 
 6 Common L∞ and t0 10259.32 102.19 109.52 – 138.29 0.31 – 0.51 -0.81 – -0.61 
      0.26 – 0.40  
 7 Common K, and t0 10301.41 144.28 141.10 – 325.14 0.07 – 0.22 -1.21 – -0.89 
     124.04 – 287.38   
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Table B-8. Candidate von Bertalanffy growth function models comparing plain pocketbook growth among introduction streams in 
Nebraska. Shell length (L) data were collected from 2017 – 2018. Model parameters included: mean asymptotic length (L∞), Brody 
growth constant (K), and mean length at time zero (t0). The introduction year was the constant factor in these analyses. Model 
numbers in bold indicate those models were chosen as the top models. 
Data Model Model description AIC ΔAIC 
95% CI 
L∞ K t0 
Rose Creek 1 Separate L∞, K, and t0 6906.34 3.25 88.27 – 117.59 0.42 – 0.92 -0.77 – -0.47 
and Shell Creek     94.48 – 104.03 0.58 – 0.76 -0.61 – -0.49 
introduced 2 Common L∞ 6904.61 1.52 95.16 – 104.29 0.63 – 0.83 -0.67 – -0.50 
in 2016      0.58 – 0.74 -0.62 – -0.50 
 3 Common K 6904.34 1.25 97.51 – 108.70 0.59 – 0.75 -0.69 – -0.55 
     94.73 – 103.74  -0.61 – -0.50 
 4 Common t0 6904.98 1.89 91.48 – 106.29 0.62 – 0.89 -0.62 – -0.51 
     95.35 – 104.63 0.57 – 0.74  
 5 Common L∞ and K 6909.11 6.02 94.96 – 103.94 0.59 – 0.76 -0.73 – -0.60 
       -0.60 – -0.49 
 6 Common L∞ and t0 6903.09 0.00 95.30 – 104.48 0.64 – 0.84 -0.62 – -0.51 
      0.57 – 0.74  
 7 Common K, and t0 6907.68 4.59 101.23 – 111.90 95.25 – 104.62 0.57 – 0.73 
       -0.63 – -0.52 
  8 Common L∞, K, and t0 6951.37 48.28 95.39 – 104.77 0.58 – 0.74 -0.63 – -0.51 
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Table B-8. Continued. 
 
Data Model Model description AIC ΔAIC 
95% CI 
L∞ K t0 
Rose Creek 1 Separate L∞, K, and t0 7057.06 0.00 75.24 – 81.19 1.83 – 3.07 0.27 – 0.41 
and Shell Creek     84.68 – 118.58 0.33 – 0.86 -0.47 – -0.06 
introduced 2 Common L∞ 7070.75 13.69 81.96 – 91.29 1.07 – 1.75 0.08 – 0.26 
in 2017      0.77 – 1.20 -0.14 – 0.06 
 3 Common K 7080.58 23.52 86.62 – 101.16 0.75 – 1.23 -0.07 – 0.13 
     81.37 – 91.85  -0.14 – 0.08 
 4 Common t0 7084.73 27.67 86.18 – 104.56 0.66 – 1.17 -0.12 – 0.09 
     81.13 – 91.30 0.78 – 1.26  
 5 Common L∞ and K 7103.88 46.82 80.69 – 89.04 0.90 – 1.39 -0.08 – 0.12 
       -0.05 – 0.14 
 6 Common L∞ and t0 7094.35 37.29 82.21 – 93.40 0.80 – 1.31 -0.12 – 0.09 
      0.74 – 1.22  
 7 Common K, and t0 7086.46 29.40 84.60 – 97.01 0.77 – 1.25 -0.11 – 0.09 
     81.55 – 92.02   
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Table B-9. Site-specific daily growth rates of plain pocketbook at two time points. After 
1st winter column includes only individuals sampled in May 2017 or 2018 in Nebraska. 
Stream Site 
After 
1st 
winter 
End 
of 
study n 
Mean daily 
growth rate 
(µm) SD 95% CI 
Cache  
Creek 
CC1 X 
 
1 36.46 --- --- --- 
CC2 X 
 
14 39.16 23.50 25.59 52.72 
CC2  X 5 97.87 7.62 88.40 107.33 
CC3 X 
 
15 139.70 24.29 126.25 153.16 
CC3  X 1 123.88 --- --- --- 
CC4 X 
 
3 137.46 25.05 75.24 199.68 
Rose 
Creek 
RC2 X 
 
6 129.67 21.51 107.08 152.23 
RC2  X 7 121.31 12.84 109.43 131.18 
RC3 X 
 
7 222.04 31.89 192.55 251.53 
RC3  X 4 138.46 50.55 58.02 218.91 
RC4 X 
 
29 213.03 37.75 198.67 227.39 
RC4  X 12 170.92 23.97 155.69 186.15 
Shell 
Creek 
SC1 X 
 
12 88.16 14.39 56.47 119.84 
SC1  X 30 122.80 15.50 117.01 128.59 
SC2  X 65 126.73 13.58 123.37 130.10 
SC3  X 30 123.12 17.93 116.43 129.82 
SC4  X 33 121.16 16.43 115.33 127.00 
SC5 X 
 
42 126.35 48.80 111.15 141.56 
SC5  X 157 136.08 17.95 133.25 138.91 
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Table B-10. Daily growth rates of plain pocketbook among introduction years, calculated 
at two time points. After 1st winter column includes only individuals sampled in May 
2017 or 2018 in Nebraska. 
Data 
After 
1st 
winter 
End 
of 
study n 
Mean daily 
growth rate 
(µm) SD 95% CI 
Cache Creek 
introduced 
2016 
X 
 
15 38.98 22.66 26.43 51.52 
 
X 5 97.87 7.62 88.40 107.33 
Cache Creek 
introduced 
2017 
X  18 139.33 23.67 127.56 151.10 
 X 1 123.88 --- --- --- 
Rose Creek 
introduced 
2016 
X  6 129.66 21.51 107.08 152.23 
 X 7 121.31 12.84 109.43 133.18 
Rose Creek 
introduced 
2017 
X  36 214.78 36.44 202.45 227.11 
 X 16 162.81 33.81 144.79 180.82 
Shell Creek 
introduced 
2016 
X  12 88.16 49.86 56.48 119.84 
 X 125 124.92 15.17 122.24 127.61 
Shell Creek 
introduced 
2017 
X 
 
42 126.35 48.81 111.15 141.56 
 
X 190 133.49 18.54 130.83 136.14 
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Table B-11. Total recaptures of plain pocketbook in Nebraska by site and tag-type (e.g., Passive Integrated Transponder or 
shellfish). Data includes only individuals that maintained site fidelity and were recaptured at time of surveys, conducted 2017 – 
2018. 
  Number of recaptures  
Stream Site PIT tag Shellfish tag Totals 
Cache Creek CC1 2  0 2 
 CC2 31 1 32 
 CC3 63 17 80 
 CC4 12 3 15 
Rose Creek RC1 17 1 18 
 RC2 85 0 85 
 RC3 74 42 116 
 RC4 94 43 137 
Shell Creek SC1 155 45 200 
 SC2 184 56 240 
 SC3 121 31 152 
 SC4 88 38 126 
 SC5 229 103 332 
Totals  1155 380 1535 
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Table B-12. Candidate Cormack-Jolly-Seber models for each site where plain pocketbook mussels were recaptured and 
corresponding AIC results: ΔAIC, weight, and model likelihood. Parameters estimated were: apparent survival (Φ) and recapture 
rate (p). The variance inflation factor (ĉ) value is listed under site if applied. k = number of parameters. 
Stream Site Model ΔAICc Weight Likelihood k 
Cache Creek CC2 Φ (t) p (t) 1, 2 0.00 0.65 1.00 7 
 Φ (t) p (.) 1 1.46 0.32 0.48 4 
 Φ (.) p (t) 6.78 0.02 0.03 5 
 Φ (length) p (t) 8.78 0.01 0.01 6 
 Φ (.) p (.) 13.25 0.00 0.00 2 
 Φ (length) p (.) 15.17 0.00 0.00 3 
CC3 Φ (t) p (.) 1, 2 0.00 0.59 1.00 5 
 Φ (t) p (t) 1 0.75 0.41 0.69 8 
 Φ (.) p (t) 10.93 0.00 0.00 6 
 Φ (length) p (t) 13.08 0.00 0.00 7 
 Φ (.) p (.) 31.44 0.00 0.00 2 
 Φ (length) p (.) 33.49 0.00 0.00 3 
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Table B-12. Continued. 
 
Stream Site Model ΔAICc Weight Likelihood k 
Rose Creek RC1 Φ (t) p (.) 
2 0.00 3 0.76 1.00 2 
 ĉ = 1.96 Φ (.) p (t) 4.39 3 0.08 0.11 4 
  Φ (length) p (t) 4.46 3 0.08 0.11 5 
  Φ (t) p (t) 4.80 3 0.07 0.09 6 
  Φ (length) p (.) 12.89 3 0.00 0.00 3 
  Φ (.) p (.) 13.37 3 0.00 0.00 2 
 
RC2 Φ (length) p (t) 2 0.00 3 0.78 1.00 8 
 ĉ = 1.46 Φ (.) p (t) 2.75 3 0.20 0.25 7 
  Φ (t) p (t) 7.03 3 0.02 0.03 10 
  Φ (length) p (.) 12.05 3 0.00 0.00 3 
  Φ (.) p (.) 15.84 3 0.00 0.00 2 
  Φ (t) p (.) 18.96 3 0.00 0.00 6 
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Table B-12. Continued. 
 
Stream Site Model ΔAICc Weight Likelihood k 
Rose Creek RC3 Φ (t) p (t) 2 0.00 0.98 1.00 6 
  Φ (length) p (t) 8.08 0.02 0.02 7 
  Φ (t) p (.) 16.30 0.00 0.00 3 
  Φ (.) p (t) 28.06 0.00 0.00 5 
  Φ (length) p (.) 34.79 0.00 0.00 3 
 
 Φ (.) p (.) 52.57 0.00 0.00 2 
 RC4 Φ (.) p (t) 2 0.00 0.62 1.00 5 
  Φ (length) p (t) 2.01 0.23 0.37 6 
  Φ (t) p (t) 2.98 0.14 0.23 7 
  Φ (t) p (.) 9.74 0.00 0.01 5 
  Φ (.) p (.) 12.46 0.00 0.00 2 
  Φ (length) p (.) 14.42 0.00 0.00 3 
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Table B-12. Continued. 
 
Stream Site Model ΔAICc Weight Likelihood k 
Shell Creek SC1 Φ (t) p (t) 2 0.00 0.88 1.00 9 
  Φ (.) p (t) 4.68 0.08 0.10 7 
  Φ (length) p (t) 6.55 0.03 0.04 8 
  Φ (t) p (.) 63.35 0.00 0.00 4 
  Φ (.) p (.) 72.19 0.00 0.00 2 
  Φ (length) p (.) 73.96 0.00 0.00 3 
 
SC2 Φ (.) p (t) 1, 2   0.00 3 0.46 1.00 5 
 ĉ = 1.29 Φ (length) p (t) 1   0.92 3 0.29 0.63 6 
  Φ (t) p (t) 1   1.18 3 0.25 0.55 7 
  Φ (t) p (.)   116.08 3 0.00 0.00 3 
  Φ (.) p (.)   123.55 3 0.00 0.00 2 
  Φ (length) p (.)   124.43 3 0.00 0.00 3 
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Table B-12. Continued. 
 
Stream Site Model ΔAICc Weight Likelihood k 
Shell Creek SC3 Φ (.) p (t) 1, 2   0.00 3 0.61 1.00 6 
 ĉ = 2.13 Φ (length) p (t) 1   1.69 3 0.26 0.43 7 
  Φ (t) p (t)   3.07 3 0.13 0.22 9 
  Φ (t) p (.)   30.00 3 0.00 0.00 3 
  Φ (.) p (.)   30.76 3 0.00 0.00 2 
 
 Φ (length) p (.)   32.36 3 0.00 0.00 3 
 SC4 Φ (t) p (t) 1 0.00 0.61 1.00 6 
  Φ (.) p (t) 1, 2 1.94 0.23 0.38 5 
  Φ (length) p (t) 2.67 0.16 0.26 6 
  Φ (t) p (.) 29.80 0.00 0.00 3 
  Φ (.) p (.) 34.71 0.00 0.00 2 
  Φ (length) p (.) 35.57 0.00 0.00 3 
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Table B-12. Continued. 
 
Stream Site Model ΔAICc Weight Likelihood k 
Shell Creek SC5 Φ (.) p (t) 1, 2   0.00 3 0.56 1.00 5 
 ĉ = 5.36 Φ (length) p (t) 1   1.89 3 0.22 0.39 6 
  Φ (t) p (t)   2.09 3 0.20 0.35 7 
  Φ (t) p (.)   7.10 3 0.02 0.03 2 
  Φ (.) p (.)   8.04 3 0.01 0.02 1 
  Φ (length) p (.)   12.07 
3 0.00 0.00 3 
1 Likelihood ratio test used to test competing models with Δi < 2 
2 Chosen as top model 
3 Quasi-likelihood values (ΔQAIC); variance inflation factor (ĉ) value used for conversion is listed under site label 
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Table B-13. Likelihood ratio test results for Cormack-Jolly-Seber model comparisons (see Table B-12). 
Site Model Reduced model Chi-square df P 
CC2 Φ (t) p (t) Φ (t) p (.) 7.85 3    0.049 * 
CC3 Φ (t) p (t) Φ (t) p (.) 5.83 3 0.120 
SC2 Φ (length) p (t) Φ (.) p (t) 1.16 1 0.281 
SC2 Φ (t) p (t) Φ (.) p (t) 3.01 2 0.222 
SC2 Φ (t) p (t) Φ (length) p (t) 1.84 1 0.175 
SC3 Φ (length) p (t) Φ (.) p (t) 0.43 1 0.513 
SC4 Φ (t) p (t) Φ (.) p (t) 4.03 1    0.045 * 
SC5 Φ (length) p (t) Φ (.) p (t) 0.18 1 0.673 
* Significant at α = 0.05 
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Table B-14. Mean shell length of plain pocketbook among sites at time of introduction. 
Stream Site n  Range (mm)  Mean SD  95% CI 
Cache Creek CC1 329  24.02 48.96     39.24 4.21  38.79 39.70 
 CC2 166  27.98 48.67  37.72 4.04  37.10 38.34 
 CC3 100  27.66 44.72  36.83 3.37  36.17 37.50 
 CC4 100  25.22 48.82  34.23 4.58  33.32 35.14 
Rose Creek RC1 244  27.58 51.86  40.11 4.16  39.59 40.64 
 RC2 244  21.84 50.64  35.64 3.96  35.14 36.14 
 RC3 254  25.36 60.72  36.67 7.14  35.78 37.55 
 RC4 250  26.73 58.09  38.48 6.89  37.62 39.34 
Shell Creek SC1 167  25.76 49.55  35.92 4.44  35.24 36.60 
 SC2 165  23.03 49.48  36.51 5.45  35.68 37.35 
 SC3 166  26.91 50.8  41.56 4.69  40.84 42.27 
 SC4 250  27.67 57.52  42.94 4.49  42.38 43.50 
 SC5 251  20.49 57.16  37.66 6.50  36.85 38.47 
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Table B-15. Observed downstream movement of plain pocketbook between introduction sites during 2017 and 2018 in Nebraska. 
Data include condition (e.g., live or dead) of individuals (PIT and shellfish tags) and detections without recapture (PIT tags only) 
based on the most recent observation. Distances are approximated. 
  
No. of mussels 
PIT tag  Shellfish tag 
Stream 
Introduction 
site 
Detection 
site 
Minimum 
distance (m) Live Dead Detected 
 
Live Dead 
Cache Creek CC4 CC1   < 1 * 5 0 0  0 0 
Rose Creek RC3 RC1 62 4 3 23  0 1 
 RC4 RC2 43 1 5 37  0 0 
Shell Creek SC2 SC1 88 1 0 10  4 0 
 SC5 SC1 58 9 0 10  7 1 
 SC3 SC4 107 0 0 2  0 0 
 SC2 SC5 64 8 0 9  8 0 
* Site CC4 is spatially centered within CC1 
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Figure B-1. Linear model (solid line) and 95% confidence limits (dashed lines) of the 
relation between air and water temperature. Air temperature (x-axis) data are from the 
National Oceanic and Atmospheric Administration (NOAA) gauges located near our 
study streams, made available by the Climate Data Online tool. We used daily water 
temperature data (y-axis) obtained for comparable dates, collected in our streams. We 
used the resulting equation to predict water temperature was 15 °C when air temperature 
was 12.2 °C.   
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Figure B-2. Yearly and seasonal variation of air temperature near Cache Creek located 
near Ewing, Nebraska. The horizontal line indicates the months where mean air 
temperature was above 12.2 °C, relating to a water temperature of 15 °C (see Figure B-
1); a temperature conducive for mussel growth. Data was obtained from the National 
Oceanic and Atmospheric Administration (NOAA) gauges located near our study 
streams, made available by the Climate Data Online tool. 
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Figure B-3. Yearly and seasonal variation of air temperature near Shell Creek located 
near Columbus, Nebraska. The horizontal line indicates the months where mean air 
temperature was above 12.2 °C, relating to a water temperature of 15 °C (see Figure B-
1); a temperature conducive for mussel growth. Data was obtained from the National 
Oceanic and Atmospheric Administration (NOAA) gauges located near our study 
streams, made available by the Climate Data Online tool. 
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Figure B-4. Yearly and seasonal variation of air temperature near Rose Creek located 
near Fairbury, Nebraska. The horizontal line indicates the months where mean air 
temperature was above 12.2 °C, relating to a water temperature of 15 °C (see Figure B-
1); a temperature conducive for mussel growth. Data was obtained from the National 
Oceanic and Atmospheric Administration (NOAA) gauges located near our study 
streams, made available by the Climate Data Online tool. 
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Figure B-5. Mean dissolved oxygen concentration among sites (e.g., CC1) where plain 
pocketbook mussels were introduced in Nebraska streams, showing variability among 
seasons and sample years. Horizontal line at 5 mg/L indicates a threshold that is 
supportive of aquatic life as defined by the NDEQ. 
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Figure B-6. Mean un-ionized ammonia concentration among sites (e.g., CC1) where plain 
pocketbook mussels were introduced in Nebraska streams, showing variability among 
seasons and sample years. Values above the horizontal line at 0.47 ppm indicates a level 
of ammonia that may be toxic to all life stages of Lampsilis species (Augspurger et al. 
2003). 
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Figure B-7. Mean water temperature among sites (e.g., CC1) where plain pocketbook 
mussels were introduced in Nebraska streams, showing variability among seasons and 
sample years.  
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Figure B-8. Mean calcium ion concentration among sites (e.g., CC1) where plain 
pocketbook mussels were introduced in Nebraska streams, showing variability among 
seasons and sample years. 
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Figure B-9. Mean conductivity values among sites (e.g., CC1) where plain pocketbook 
mussels were introduced in Nebraska streams, showing variability among seasons and 
sample years. 
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Figure B-10. Mean pH among sites (e.g., CC1) where plain pocketbook mussels were 
introduced in Nebraska streams, showing variability among seasons and sample years. 
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Figure B-11. Mean turbidity among sites (e.g., CC1) where plain pocketbook mussels 
were introduced in Nebraska streams, showing variability among seasons and sample 
years.  
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Figure B-12. Mean water discharge among sites (e.g., CC1) where plain pocketbook 
mussels were introduced in Nebraska streams, showing variability among seasons and 
sample years. 
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Figure B-13. Mean wetted width among sites (e.g., CC1) where plain pocketbook 
mussels were introduced in Nebraska streams, showing variability among seasons and 
sample years. 
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Figure B-14. Mean water depth among sites (e.g., CC1) where plain pocketbook mussels 
were introduced in Nebraska streams, showing variability among seasons and sample 
years.  
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Figure B-15. Box and whisker plots (points = outliers; whiskers = smallest or largest 
observations less than or equal to lower or upper hinge + 1.5 * IQR; box = 25 and 75% 
percentiles and median) of substrate composition among streams where plain pocketbook 
mussels were introduced in Nebraska. Debris included vegetation, wood, or metal. 
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Figure B-16. Hydrograph of Shell Creek near Columbus, Nebraska from 23 September 
2016 to 28 September 2018. This information is publicly available on the U.S. 
Geographic Survey National Water Information System webpage: 
https://waterdata.usgs.gov/ne/nwis/uv?site_no=06795500. 
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Figure B-17. Hydrograph of the Little Blue River near Fairbury, Nebraska from 6 
September 2016 to 5 October 2018. This river was used as a reference for Rose Creek. 
This information is publicly available on the U.S. Geographic Survey National Water 
Information System webpage: https://waterdata.usgs.gov/ne/nwis/uv?site_no=06884000. 
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Figure B-18. Hydrograph of the Elkhorn River near Ewing, Nebraska from 25 August 
2016 to 4 October 2018. This river was used as a reference for Cache Creek. This 
information is publicly available on the U.S. Geographic Survey National Water 
Information System webpage: https://waterdata.usgs.gov/ne/nwis/uv?site_no=06797500. 
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Figure B-19. Hourly water temperature during the sampling season in 2018 in each 
stream (A = Cache Creek at CC2, B = Rose Creek at RC3, C = Shell Creek at SC2) 
where plain pocketbook mussels were introduced in Nebraska. Gray points in plot A 
indicate values that were affected by sand that had covered the gauge. 
